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toward vascular endothelial cells 
By 
Maria Nikmanesh 
Advisor: Professor John M. Tarbell 
 
The isolation of human ES cells (hES) in 1998 remarkably elevated the interest in the cell 
therapy capability of ES cells and moved this concept one step closer to reality. Embryonic 
stem cells with their potential for both self-renewal and directed differentiation have received 
increasing attention in applications in tissue engineering and repair, cell therapy, and 
regenerative medicine. 
The differentiation of embryonic stem cells into desir d lineages depends on the chemical 
environment of the “niche”, and for certain lineages such as the vascular lineage that must 
function in a mechanical environment, the timely imposition of mechanical forces is critical. 
In order to develop functional endothelial cells from embryonic stem cells, we need to 
identify the imposed forces on the cells, demonstrate their effects and finally reveal the 
underlying mechanism for each force.  
In the early stages of embryonic vasculogenesis, blood islands formed by the hemangioblasts 
give rise to the early vasculature needed to nourish the embryo. At this stage, fluid shear 
 v 
stress of blood flow is the principal mechanical force that drives further differentiation into 
endothelial cell (EC) phenotype. 
It has been shown that shear stress plays a critical role in promoting endothelial cell 
differentiation from embryonic stem cell (ESC)-deriv d EC.  However, the underlying 
mechanisms mediating shear stress effects in this process have yet to be investigated. It has 
been reported that the heparan sulfate proteoglycans (HSPG) components of the glycocalyx 
mediate shear stress mechanotransduction in mature EC. 
In the first part of this study, we investigated whether cell surface HSPG play a role in shear 
stress modulation of ESC phenotype. Our results demonstrate that shear stress enhanced the 
expression of vascular endothelial cell-specific marker genes (vWF, VE-cadherin, PECAM-
1),  tight junction protein genes (ZO-1, OCLD, CLD5) and vasodilatory genes (eNOS, COX-
2), while it attenuated the expression of the vasoconstrictive gene ET1. After reduction of 
HSPG with  Hep III, the shear stress-induced expression of vWF, VE-cadherin, ZO-1, eNOS, 
and COX-2, were abolished, suggesting that shear stress-induced expression of these genes 
depends on HSPG. These findings indicate for the first time that HSPG is a mechanosensor 
mediating shear stress-induced EC differentiation fr m ESC-derived EC cells. 
As the fetal heart begins to beat, the vasculature starts to experience cyclic strain (CS) and 
associated stress in addition to shear stress.  While cyclic strain has been shown to induce 
mESC and Flk-1+  cell differentiation into vascular smooth muscle cells, there have been no 
studies to elucidate the effect of CS on differentiation of ESC-derived endothelial cells to EC 
or the underlying mechanisms which mediate cyclic strain effects in this process. 
The second part of our study shows that cyclic strain educed  expression of  vascular 
endothelial cell-specific marker genes (vWF, VE-cadherin, PECAM-1),  tight junction 
 vi 
protein genes (ZO-1, OCLD, CLD5) and vasoactive genes (eNOS, ET1), while it didn’t alter 
the expression of the vasodilatory gene COX2.   Our st dy also reveals the first evidence that 
HSPG, integrin, and syndecan-4, as mechanosensors, can contribute to cyclic strain-induced 
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I.  Embryonic Stem Cells Differentiation 
  
Embryonic stem cells (ESC) are pluripotent cell lines established from the inner cell mass of 
blastocyst-stage embryos. Their importance to developmental biology and experimental 
medicine derives from two unique characteristics that distinguish them from all other organ-
specific stem cells. First, they can be maintained an  expanded as pure populations of 
undifferentiated cells and retain their normal karyotypes following extensive passaging in 
culture. Second, they possess the capacity to generate very cell type in the body. In addition 
to their developmental potential in vivo, ES cells have capacity to form differentiated cell 
lineages in culture (Smith AG, 2001 ).  ES cells were initially isolated and maintained by 
coculturing with mouse embryonic feeder cells. Leukemia inhibitory factor (LIF) has been 
identified as one of the feeder-cell-derived molecul s that plays a critical role in the 
maintenance of these cells. In the presence of fetal bovine serum (FBS), recombinant LIF can 
replace the feeder cell function and support the growth of undifferentiated ES cells (Smith 
AG et al., 1988). When removed from the agents that m intain them as stem cells, ES cells 
will differentiate and, under proper conditions, generate progeny consisting of derivatives of 
the three embryonic germ layers: mesoderm, endoderm, and ectoderm (Keller G, 1995). 
       Three general approaches, outlined in Fig. 1.1, are used to initiate ES cell differentiation. 
With the first method, ES cells are allowed to aggre ate and form embryoid bodies (EBs).  In 
the second protocol, ESCs are cultured directly on stromal cell lines (such as OP9) and 
differentiation takes place in contact with these clls. The third approach involves 
differentiating ES cells in a monolayer on extracellular matrix proteins. Differentiation in 
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monolayers on known substrates can minimize the influe ce of neighboring cells (as in EB) 
and supportive stromal cells and in this regard is one of the most manageable protocols. With 
this protocol the matrix proteins play significant roles, and different proteins may profoundly 
influence the generation and survival of the developing cell types (Keller G, 2005).  
 
      Figure 1.1: Three different protocols used for ES cell differentiation (Keller G, 2005) 
 
II.  Vascular Development 
        The early appearance of the blast colony-forming cells in ES cell differentiation cultures 
not only defines the onset of hematopoietic commitment, but also represents the earliest 
stages of vascular development. Hematopoietic and endothelial lineages develop from a 
common progenitor, a cell known as the hemangioblast (Hirashima  M et al., 1999).  The 
hemangioblast hypothesis was proposed many years ago, b sed on the observation that the 
blood cell and endothelial lineages develop in close proximity at the same time in the yolk 
sac blood islands (Haar JL and Ackerman  GA, 1971). The development of vascular lineage, 
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as with the hematopoietic lineages, appears to be quite efficient in serum-stimulated 
differentiation cultures (Hirashima  M et al., 1999). Kinetic analysis of endothelial 
development in vitro reported a sequential up-regulation of the following cell markers 
correlated to the development and maturation of the EC lineage: Flk-1(day 3), CD31 (day 4), 
tie2 (day4), tie1 (day 5), and VE-cad (day5) (Vittet D et al., 1996). This developmental 
pattern is similar to what has been observed in the early embryo suggesting that development 
of the endothelial lineage in vitro restates its development in vivo (Keller G, 2005).  
        Hirashima et al. reported a similar pattern of differentiation after culturing Flk-1+ 
progenitor cells on type IV collagen-coated dishes or on OP9 stromal cells (Hirashima  M et 
al., 1999). Further analysis of this ESC-derived Flk-1+ population revealed that it also 
displayed the capacity to generate cells of the vascul r smooth muscle lineage. Further 
analysis by Yamashita et al. (Yamashita et al., 2000) demonstrated that both the endothelial 
and VSM lineages develop from a common progenitor, a cell that can be considered to be a 
vascular progenitor.  
III.  Effect of Mechanical Forces on ESC 
The differentiation of embryonic stem cells into desir d lineages depends on the chemical 
environment of the “niche”, and for certain lineages such as the vascular lineage that must 
function in a mechanical environment, the timely imposition of mechanical forces is critical. 
In the early stages of embryonic vasculogenesis, blood islands formed by the hemangioblasts 
give rise to the early vasculature needed to nourish the embryo. At this stage, fluid shear 
stress of blood flow is the principal mechanical force that drives further differentiation into 
endothelial cell phenotype (Jones et al., 2006, Gloe et al., 2002). As the fetal heart begins to 
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beat, the vasculature starts to experience cyclic strain (CS) and associated stress in addition 
to shear stress.   
Endothelial cells like other cells are structurally and functionally integrated with their 
surroundings. The hemodynamic environment surrounding vascular cells plays an important 
role in determining the regulation of these cells in normal and pathological conditions (Hsiai 
et al., 2003, Shojaei et al., 2015). Although there have been a number of studies that 
investigated the effect of chemical factors on ESC differentiation, the effect of mechanical 
forces on ESC differentiation is a relatively new area of study. For example, a clear in vitro 
demonstration of the effect of shear stress on stem c ll differentiation was reported by  
(Yamamoto K, 2003 
) who showed increased proliferation, differentiation, and tube  formation of mouse 
endothelial progenitor cells (EPC) in response to shear stress. Later, (Yamamoto K, 2005) 
demonstrated that shear stress induced differentiation of Flk-1+ mouse ESC into cells 
resembling vascular EC in vitro, Fig. 1.2. 
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     Figure 1.2: Effect of shear stress on the differentiation of Flk-1+ ES cells. Flk-1+ ES cells 
were incubated under static conditions with 10% FBS alone, 10% FBS plus VEGF, or 10% 
FBS plus PDGF-B (top), or subjected to shear stress (5 dyn/ cm2) in the presence of 10% 
FBS alone, 10% FBS plus VEGF, or 10% FBS plus PDGF-BB (bottom). After 24 h, they 
were incubated with antibodies against PECAM-1 and SM α-actin. 
Adding VEGF induced PECAM-1-positive cell sheets (purple), and the surrounding cells 
were SM α -actin-positive (brown). Shear stress induced PECAM-1-positive cell sheets in the 
presence of FBS alone and FBS plus PDGF-BB and caused marked expansion of the 
PECAM-1-positive cell sheets in the presence of VEGF. The direction of flow is from left to 
right (Yamamoto K, 2005). 
 McClosky et al. (McCloskey KE, 2003) showed that exposure of mouse ESC-derived EC to 
shear stress resulted in cytoskeleton rearrangement, as well as alignment and elongation 
parallel to the flow direction. Adamo et al. (Adamo et al., 2009) reported that shear stress 
enhanced haematopoietic development of mouse ESC. Wu et al. (Wu et al., 2008) suggested 
that the combination of biochemical stimuli (growth factors) and mechanical force (shear 
stress) on human placenta-derived EC results in synergistic effects. Metallo et al. (Metallo et 
al., 2008) reported that human ESC-derived EC responded to shear stress by modulating gene 
expression and cell morphology. There have been several other shear stress studies based on 
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an embroid body approach to initial differentiation (Ahsan and Nerem, 2010, Fridley et al., 
2010, Purpura et al., 2008, Sargent et al., 2010, Toh and Voldman, 2011).   
Endothelial cells are constantly subjected to fluid wall shear stress and cyclic strain in the 
circumferential direction due to the pulsatile changes in blood pressure. It has been shown 
that embryonic stem cells at different stages of differentiation are cyclic strain perceptive and 
that their differentiation can be regulated by cyclic strain. Yet, most studies on vascular 
embryonic stem cells and endothelial remodeling have focused on the role of shear stress 
alone and the role of cyclic stretch on endothelial cells has not been elucidated in detail.   
 A majority of the cyclic strain studies deal with smooth muscle cell lineage or return to a 
more undifferentiated ground state. For example, it has been reported by several studies that 
cyclic strain induces FLK-1+ mESC differentiation ito vascular smooth muscle cells 
(Shimizu et al., 2008, Wang H et al., 2005). Investigating undifferentiated human embryonic 
stem cells, Saha et al. (Saha et al., 2006) revealed that under biaxial strain, hESC 
differentiation was inhibited and self-renewal was promoted, as measured by an increase in 
Oct4 expression. Transcription factor Oct4, plays a key role in the maintenance of an 
undifferentiated state (self-renewal) and pluripotency of human and mouse embryonic stem 
cells (Kellner and Kikyo, 2010). On the other hand, Chowdhury et al. (Chowdhury et al., 
2010) have reported that local cyclic stress via focal adhesions on a single mESC  resulted in 
down regulation of Oct3/4 gene expression and interes ingly, this effect  promoted cell 
differentiation. We were not able to find many previous studies to show the response of 
embryonic stem cell derived EC or EC progenitor cells to cyclic strain.  Even though these 
studies have acknowledged the effect of shear stress and cyclic strain on ESC differentiation, 
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the underlying mechanisms of these processes are unknow . Thus there is a need for 
hypotheses to explain the underlying mechanisms of ESC response to mechanical forces. 
IV.  Glycocalyx  
Mature endothelial cells are covered with an apical surface coating called the glycocalyx. 
The glycocalyx is a negatively charged mesh of membrane-bound macromolecules which 
include glycoproteins, associated plasma proteins, proteoglycans and their associated   
glycosaminoglycans (GAGs) side chains including: heparin sulfate (HS), chondroitin sulfate 
(CS), and hyaluranic acid (HA) (Pries et al., 2000). While the endothelial surface glycocalyx 
has been studied for almost fifty years in terms of its composition, structure and function, its 
role in EC mechanosensing and transduction is a relativ y new area of study.  Owing to its 
heterogeneous structures and complex composition, is function in sensing and transmitting 
hemodynamic forces is expected to be governed by multiple mechanisms and nonlinearly 
coupled with other well-known mechano-sensors and transducers including integrins, cell 
adhesion molecules, G-protein-coupled receptors, ion channels, tyrosine kinase receptors, 























Figure 1.3: Representation of proteoglycans and glycoproteins o  the surface of ECs. 
Caveolin-1 associates with regions high in cholesterol and sphingolipids in the membrane 
(darker circles, left) and forms cave-like structures, caveolae (right). Glypicans, along with 
their HS chains localize in these regions. Transmembrane syndecans are shown to cluster in 
the outer edge of caveolae. Besides HS, syndecans also contain CS, further down the core 
protein. A glycoprotein with its short oligosaccharide branched chains and their associated 
SA “caps” are displayed in the middle part of the figure. HA is a very [52]. long GAG that 
weaves into the glycocalyx and binds with CD44. Transmembrane CD44 can have CS, HS, 
and oligosaccharides attached to it and it localizes n caveolae. Plasma proteins, along with 
cations and cationic amino acids (red circles), are known to associate with GAGs. (a) The 
cytoplasmic domains of syndecans can associate with linker molecules, which connect them 
to cytoskeletal elements. (b) Oligomerization of syndecans helps them make direct 
associations with intracellular signaling effectors. (c) A series of molecules involved in 
eNOS signaling localize in caveolae : inactive eNOS itself, G-protein-coupled receptors, G-
proteins, numerous kinases, as well as cationic amino acids and cation channels (Tarbell and 






V.  Mechanotransduction  
The principal mechanical forces sensed by ECs are the shear stress of flowing blood on their 
apical surface, and the circumferential stress resisting blood pressure, which induces stretch 
in the cell body. ‘Mechanotransduction’ refers to the mechanisms by which these forces are 
transduced into biomolecular responses of the cells(Tarbell and Pahakis, 2006). 
 VI.   Heparan Sulfate Proteoglycan 
It has been proposed in several models that Heparan Sulfate Proteoglycans (HSPGs), the 
major components of the endothelial glycocalyx, participate in mechanotransduction by 
transmitting the fluid shear stress through the HSPG core proteins into the cell where it is 
transduced into biochemical responses (Brower et al., 2010, Secomb et al., 2001, Tarbell and 
Pahakis, 2006, Thi et al., 2004, Weinbaum et al., 2007, Yao et al., 2007, Shi et al., 2011). It 
has been reported that heparinase III enzyme is specific for heparan sulfate proteoglycan and 
it selectively degrades the targeted glycosaminoglycan component with less than 5% 
reduction of chondroitin sulfate, hyaluronic acid and sialic acid. (Tarbell and Ebong, 2008).  
In particular, it has been demonstrated that cell surface HSPGs act as mechanosensors for 
mature vascular cells including endothelial cells (Florian et al., 2003, Pahakis et al., 2007), 
and smooth muscle cells (Ainslie et al., 2004, Shi et al., 2010, Shi and Tarbell, 2011). In 
addition , it has been reported that inhibition of heparan sulfation not only blocked 
differentiation of mouse ESC in the heterogeneous state but also  upregulated Nanog, the 
pluripotency maintaining transcription factor, indicating return to a more homogenous naïve 
ground  state (Lanner et al., 2010).  Furthermore, it has been reported that exogenous heparan 
sulfate promotes cell spreading, focal adhesion and adherensjunction formation.   Exogenous 
heparan sulfate is capable of reducing  matrix degradation and the invasion of human breast 
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carcinoma cells into  tissue(Lim et al., 2015) We will investigate whether HSPG at the apical 
surface and basal membrane mediates the fluid shear tress and cyclic strain modulation of 
ESC-derived endothelial cell gene expression. 
VII.  Syndecan-4 
The cell surface heparan sulfate proteoglycans (HSPGs) are composed of a core protein to 
which chains of the glycosaminoglycan, heparan sulfate (HS), are attached. The presence of 
different classes of core protein, in addition to highly polymorphic heparan sulfate chains, 
and various GAG side chains creates a superfamily of macromolecules with a wide variety of 
structure and function including the syndecan that have transmembrane core proteins linked 
to the actin cytoskeleton and glypicans that are int grated into the plasma membrane through 
GPI anchors.. It has been reported that syndecan-4 with both HS and CS side chains, plays a 
major role as a protein that colocalizes with integrins at focal adhesion sites in epithelial cells 
that are predominantly on the basal aspect of the cell (Longley et al., 1999, Saoncella et al., 
1999). In addition, it has been shown that syndecan-4 is a central mediator of cell adhesion, 
migration, proliferation, and mechanotransduction. The broad effects of this molecule are 
evidenced by its unique versatility in extracellular, cell membrane, and intracellular 
interactions (Elfenbein and Simons, 2013). We will investigate whether syndecan-4 at the 
basal membrane mediates the cyclic strain modulation of ESC-derived endothelial cell gene 
expression. 
VIII.  Integrins 
Focal adhesion complexes are specialized sites of attachment between cells and the 
extracellular matrix composed of integrins and many focal adhesion-associated cytoplasmic 
proteins. Because of their cellular location focal adhesions play a role in signal transduction 
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and have been suggested to function as mechanosensor  i  mature endothelial and smooth 
muscle cells (Ponik and Pavalko, 2004). Integrins are transmembrane heterodimer complexes 
of α and β subunits that are important for cell-cell and cell-extracellular matrix (ECM) 
interactions (Humphries et al., 2006, Hynes, 2002). The combination of variable α and β 
subunits determine receptor specificity. A total of nineteen integrin α and eight β subunits 
have been identified which can form at least 25 distinct α/β heterodimers. Engagement of 
different integrin heterodimers by the same extracellular ligand may evoke significantly 
different cellular responses (Morgan et al., 2009). It has been reported that α5β1 integrin 
(fibronectin receptor) and αvβ3  integrin (vitronectin receptor) are important in focal adhesion 
formation in endothelial cells (Francis et al., 200, Humphries et al., 2006) . Furthermore, 
Serini et al (Serini et al., 2006) reported that α5β1 integrin plays an important role in the 
development of the vascular system during embryogenesis. We will investigate whether 
integrins at focal adhesions mediate the cyclic strain modulation of ESC-derived endothelial 
cells. 
IX.  Specific Aims 
Specific Aim 1: 
  
Heparan sulfate proteoglycan mediates shear stress-induced endothelial gene 
expression in mouse embryonic stem cell-derived endothelial cells (Biotechnology and 
Bioengineering, Sep 2011; Spot Light B&B, Feb 2012). 
  
 It has been shown that shear stress plays a critical role in promoting endothelial cell (EC) 
differentiation from embryonic stem cell (ESC)-deriv d EC.  However, the underlying 
mechanisms mediating shear stress effects in this process have yet to be investigated. It has 
been reported that heparan sulfate proteoglycans (HSPG) mediate shear stress 
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mechanotransduction in mature EC. In this study, we inv stigate whether cell surface HSPG 
play a role in shear stress modulation of ESC phenotype. 
Part 1: To determine the effect of fluid shear stress on ESC-derived endothelial cell 
(CD31+CD45-) gene expression. ESC-derived endotheial cells will be subjected to shear 
stress (5 dyn/cm2) for 8 hours to examine the expression of vascular endothelial cell-specific 
marker genes (vWF, VE-cadherin, PECAM-1), the expression of tight junction protein genes 
(ZO-1, OCLD, CLD5) and also the  expression of vasoactive genes (eNOS, COX-2, ET1). 
Part 2: To investigate the effect of HSPG on shear-induced gene expression in ESC-derived 
endothelial cells. ESC-derived endothelial cells will be subjected to shear stress (5 dyn/cm2) 
for 8 hours with heparinase III treatment to reduce the heparan sulfate component of HSPG. 
After reduction of HSPG with Hep III, the expression f vascular endothelial cell-specific 
marker genes (vWF, VE-cadherin, PECAM-1), tight junction protein genes (ZO-1, OCLD, 
CLD5) and vasoactive genes (eNOS, COX-2, ET1) will be measured and then compared to 
their enzyme untreated counterparts in order to evaluate the mechanosensory role of HSPG 
on shear stress-induced EC differentiation from ESC-derived EC cells.  
Specific Aim 2:  
Heparan sulfate proteoglycan, integrin, and syndecan-4 are mechanosensors mediating 
cyclic strain-modulated endothelial gene expression in mouse embryonic stem cell-
derived endothelial cells. 
   
As the fetal heart begins to beat, the vasculature starts to experience cyclic strain (CS) and 
associated stress in addition to shear stress.  Although there have been a number of studies 
that investigated the effect of chemical factors on ESC differentiation, the effect of 
mechanical forces on ESC differentiation is a relatively new area of study. Interestingly, 
while the effect of fluid shear stress on endothelial cell differentiation has been investigated, 
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much less is known regarding the role of cyclic strain on endothelial cell differentiation. In 
specific aim 2, we will investigate the effect of cyclic strain on ESC-derived EC in 
expression of vascular endothelial cell-specific marker genes (vWF, VE-cadherin, PECAM-
1), tight junction protein genes (ZO-1, OCLD, CLD5), and vasoregulatory genes (eNOS, 
ET1, COX2), and test several hypotheses to explain the underlying mechanisms of ESC 
response to cyclic strain. 
Part 1: To determine the effect of cyclic strain on CD31+/CD45- cells expression of 
endothelial and smooth muscle cell-specific marker genes. ESC-derived endothelial cells will 
be subjected to cyclic strain (10%/1Hz) for 8 hours to examine the expression of vascular 
endothelial-specific marker genes and smooth muscle cel -specific marker genes.  
Part 2:   To examine whether HSPG on the apical membrane mediate the cyclic strain 
modulation of ESC-derived endothelial cells gene expr ssion.  ESC-derived endothelial cells 
will be subjected to cyclic strain (10%/1Hz) for 8 hours with heparinase III treatment to 
reduce the heparan sulfate component of HSPG. Afterreduction of HSPG with  Hep III, the 
expression of vascular endothelial cell-specific marker genes (vWF, VE-cadherin, PECAM-
1), tight junction protein genes (ZO-1, OCLD, CLD5) and vasoactive genes (eNOS, COX-2, 
ET1) will be measured and then compared to their enzyme untreated counterparts in order to 
evaluate the mechanosensory role of HSPG on cyclic strain modulation of ESC-derived 
endothelial cells. 
Part 3: To investigate whether integrins at focal adhesions mediate the cyclic strain 
modulation of ESC-derived endothelial cells. Focal adhesion complexes are specialized sites 
of attachment between cells and the extracellular mtrix composed of integrins and many 
focal adhesion-associated cytoplasmic proteins. Because of their cellular location focal 
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adhesions play a role in signal transduction and have been suggested to function as 
mechanosensors in mature endothelial and smooth muscle cells (Ponik and Pavalko, 2004). 
To investigate whether integrins serve as a mediator n cyclic strain-induced responses in 
ESC-derived EC, we will incubate CD31+/CD45- cells with RDGS peptide (integrin blocker) 
or RGES (control peptide) for 3-4 hours prior to cyclic strain (10%/1Hz) for 8 hours. After 
completing the experiment, the expression of vasculr endothelial and smooth muscle cell-
specific marker genes in RGDS treated cells will be m asured and then compared to their 
RGES treated counterparts. 
Part 4: To investigate whether syndecan-4 at the basal membrane mediates the cyclic strain 
modulation of ESC-derived endothelial cell gene expr ssion. It has been reported that 
syndecan-4 with both HS and CS side chains, plays a major role as a protein that colocalizes 
with integrins at focal adhesion site in epithelial cells that are predominantly on the basal 
aspect of cells (Longley et al., 1999, Saoncella et l., 1999). In addition, it has been shown 
that syndecan-4 is a central mediator of cell adhesion, migration, proliferation, and 
mechanotransduction. The broad effects of this molecule are evidenced by its unique 
versatility in extracellular, cell membrane, and intracellular interactions (Elfenbein and 
Simons, 2013). To assess whether syndecan-4 serves as a mediator in cyclic strain-induced 
responses in CD31+/CD45- cells, we will repeat our uniaxial cyclic strain experimental series 
after silencing Syndican-4 gene expression by siRNA and then compared to their universal 
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I.  Abstract 
It has been shown that shear stress plays a critical role in promoting endothelial cell (EC) 
differentiation from embryonic stem cell (ESC)-deriv d ECs. However, the underlying             
mechanisms mediating shear stress effects in this process have yet to be investigated. It      
has been reported that the heparan sulfate proteoglycan (HSPG) components of the  
glycocalyx mediates shear stress mechanotransduction in mature EC. In this study, we 
investigated whether cell surface HSPG plays a rolein shear stress modulation of EC 
phenotype. ESC-derived EC were subjected to shear stress (5 dyn/cm2) for 8 h with or 
without heparinase III (Hep III) that digests heparan sulfate. Immunostaining showed that 
ESC-derived EC surfaces contain abundant HSPG, which could be cleaved by Hep III. We 
observed that shear stress significantly increased th  expression of vascular EC-specific 
marker genes (vWF, VE-cadherin, PECAM-1). The effect of shear stress on expression of 
tight junction protein genes (ZO-1, OCLD, CLD5) was al o evaluated. Shear stress increased 
the expression of ZO-1 and CLD5, while it did not alter the expression of OCLD. Shear    
stress increased expression of vasodilatory genes (eNOS, COX2), while it decreased the 
expression of the vasoconstrictive gene ET1. After reduction of HSPG with Hep III, the shear 
stress-induced expression of vWF, VE-cadherin, ZO-1, eNOS, and COX2, were abolished, 
suggesting that shear stress-induced expression of these genes depends on HSPG. These 
findings indicate for the first time that HSPG is a mechanosensor mediating shear stress-




II.  Introduction 
In the early stages of embryonic vasculogenesis, blood islands formed by the hemangioblasts  
give rise to the early vasculature needed to nourish the embryo. At this stage, fluid shear 
stress of blood flow is the principal mechanical force that drives further differentiation into 
endothelial cell (EC) phenotype (Gloe et al., 2002, Jones et al., 2006). Fully differentiated EC 
line the intima, the innermost part of a blood vessel, and play an important role in 
homeostasis as they provide a blood contacting surface resistant to clotting and a barrier to 
regulate the transport of solutes between blood and the underlying tissue (Tarbell, 2010). 
Much effort has been expended in developing tissue-engineered vascular grafts for treatment 
of vascular disease. A potential source of cells for these applications are embryonic stem 
cells (ESC) as they are capable of differentiating into vascular cell phenotypes (Smith AG, 
2001 ). 
Although there have been a number of studies that investigated the effect of growth factors 
on embryonic stem cell differentiation, the effect of shear stress on ESC differentiation is 
relatively new and only a few studies have been published on this subject. A clear in vitro 
demonstration of the effect of shear stress on stem c ll differentiation was reported by 
Yamamoto et al. (Yamamoto K, 2003) who showed increased proliferation, differentiation, 
and tube formation of mouse endothelial progenitor cells (EPC) in response to shear stress. 
More recently, Yamamoto et al. (Yamamoto K, 2005) demonstrated that shear stress induced 
differentiation of Flk-1+ mouse ESC into cells resembling vascular EC in vitro. McCloskey et 
al. (McCloskey KE, 2003)  showed that exposure of muse ESC-derived EC to shear stress 
resulted in cytoskeleton rearrangement, as well as alignment and elongation parallel to the 
flow direction. Adamo et al. (Adamo et al., 2009) reported that shear stress enhanced 
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haematopoietic development of mouse ESC. Wu et al. (Wu et al., 2008) suggested that the 
combination of biochemical stimuli (growth factors) and mechanical force (shear stress) on 
human placenta-derived EC results in synergistic effects. Metallo et al. (Metallo et al., 2008) 
reported that human ESC-derived EC responded to shear stress by modulating gene 
expression and cell morphology. There have been several other shear stress studies based on 
an embroid body approach to initial differentiation (Ahsan and Nerem, 2010, Fridley et al., 
2010, Purpura et al., 2008, Sargent et al., 2010, Toh and Voldman, 2011). Even though these 
studies have acknowledged the effect of shear stress on ESC differentiation and maturation, 
the underlying mechanisms of this process are unknown. Thus there is a need for hypotheses 
to explain the underlying mechanisms of ESC response to hear stress. 
Mature endothelial cells are covered with an apical surface coating called the glycocalyx. 
The glycocalyx is a negatively charged mesh of membrane-bound macromolecules which 
include proteoglycans, glycosaminoglycans (GAGs), glycoproteins, and associated plasma 
proteins (Pries et al., 2000). The principal mechanical forces sensed by ECs are the shear 
stress of flowing blood on their apical surface, and the circumferential stress resisting blood 
pressure, which induces stretch in the cell body. ‘Mechanotransduction’ refers to the 
mechanisms by which these forces are transduced into b omolecular responses of the cells 
(Tarbell and Pahakis, 2006). It has been proposed in several models that HSPGs, the major 
components of the endothelial glycocalyx, participate in mechanotransduction by 
transmitting the fluid shear stress through the HSPG core proteins into the cell where it is 
transduced into biochemical responses (Brower et al., 2010, Secomb et al., 2001, Tarbell and 
Pahakis, 2006, Thi et al., 2004, Weinbaum et al., 2007, Yao et al., 2007, Shi and Tarbell, 
2011). It has been reported that heparinase III enzyme is specific for heparan sulfate 
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proteoglycan and it selectively degrades the targeted glycosaminoglycan component with less 
than 5% reduction of chondroitin sulfate, hyaluronic acid and sialic acid.  (Tarbell and 
Ebong, 2008). In particular, it has been demonstrated that cell surface HSPGs act as 
mechanosensors for mature vascular cells including endothelial cells (Florian et al., 2003, 
Pahakis et al., 2007), and smooth muscle cells (Ainslie et al., 2004, Shi et al., 2010, Shi et al., 
2011). Furthermore, It has been reported that inhibtion of heparan sulfation not only blocked 
differentiation of mouse ESC in the heterogeneous state but also  upregulated Nanog, the 
pluripotency maintaining transcription factor, indicating return to a more homogenous naïve 
ground  state (Lanner et al., 2010). 
In this study, we test the hypothesis that HSPG mediat s the response of ESC-derived EC to 
fluid shear stress during EC differentiation. 
III.  Materials and Methods 
Cell Culture and Differentiation   
MESC obtained from ATCC were maintained in an undifferentiated state by culturing on 
inactivated feeder cells, using 10 µg/ml Mitomycin C. Primary embryonic fibroblast from 
CF-1 mice (MEF) also from ATCC were used for this purpose. Mouse ESC were maintained 
and cultured as previously  described (Yamashita et l., 2000). ESCs were seeded on 0.1% 
gelatin coated dishes in DMEM (Gibco) containing 15% FBS (Gibco), 103 U/ml leukemia 
inhibitory factor (ESGRO, millipore), 1mM nonessential amino acid (Invitrogen), and 5× 10-
5 mol/l β-mercaptoethanol (Sigma). Cells were switched to differentiation state after four 
days. Initiating differentiation, cells were cultured for 4-5 days in α-minimal essential 
medium (α-MEM; cellgro), 10% FBS (cellgro),  and 5 × 10-5 M β-mercaptoethanol. 
CD31+/CD45- cells were isolated using standard immunomagnetic t chniques (MACS, 
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Miltenyi Biotech). On day 5, the single-cell suspensio  from differentiated culture was 
incubated with CD45- FITC mAb (BD Bioscience) and CD31-PE mAb (BD Bioscience). The 
CD45+ hematopoietic population was removed from the restof cell population using anti-
FITC beads (MACS, Miltenyi Biotech), and LD depletion columns (MACS, Miltenyi 
Biotech). Next, the CD45- cell fraction was labeled with anti-PE beads (MACS, Miltenyi 
Biotech). Finally, CD31+ cells were isolated from the CD45- cell fraction using  LS positive 
selection columns (MACS, Miltenyi Biotech). The isolated mouse  ESC-derived ECs (ESC-
derived CD31+/CD45- cells) were plated on fibronectin coated dish (Metallo et al., 2008). 
After 4-5 days some individual cells with non-endothelial morphology were removed from 
the growing sheets using cloning cylinders (sigma) (Fig. 2.1). 
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 Figure 2.1:  Isolation of CD31+/CD45- from Embryonic Stem Cells 
Characterization of ESC-derived endothelial cells  
Flow Cytometry: CD31+/CD45- cells were prepared in PBS containing 0.5% BSA and
stained with anti- CD31 PE, anti-CD45 FITC (BD Biosciences), IgG-PE and IgG-FITC the 
PE and FITC conjugated isotype control, (BD Bioscien es). Samples were analyzed on a 
FACScalibur flow cytometer (BD Biosciences) using Flowjo software. 
Immunostaining for Flk-1, Flt-1, PECAM-1, VE-cadherin, ZO-1 and CLD5: ESC-
derived CD31+/CD45- cells were fixed in 2% paraformaldehyde for 10 min. The fixed cells 
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were permeabilized for 10 min in PBS containing 0.2% Triton X-100 (sigma), blocked for 1h 
in PBS containing 10% bovine serum albumin (BSA) and 0.1% TritonX-100. Next, cells 
were incubated with primary antibodies as following: Flk-1 and Flt-1 (3:200, Alpha 
Diagnostic International), PECAM-1(3:200, Invitrogen), VE-cadherin (1:100, BD 
Bioscience), ZO-1 and CLD5 (1:200, Zymed) for 3h at room temperature or overnight at 
4°C. After washing 5X with PBS cells were incubated with secondary antibody, Alexa Fluor 
488  (2:500, Invitrogen) for 1h at room temperature. For nucleus counterstaining, cells were 
incubated with DAPI (1:2000, Invitrogen) or PI (1:1000, Invitrogen). 
Labeling for ac-LDL:  ESC-derived CD31+/CD45- cells were incubated with 10 µg/ml, Dil-
labeled acetylated low density lipoprotein (Biomedical Technologies), for 4h at 37°C. Next, 
cells were washed with PBS, and visualized with a fluorescent microscope (Levenberg S. et 
al., 2002 ). 
Tube formation on Matrigel:  400 µL/well of growth factor-reduced Matrigel (BD 
Biosciences) was added to the 24-well plate and incubated at 37°C for 1h. Next ESC-derived 
CD31+/CD45- cells were seeded on the matrix (5×104   cells/well) and cultured for 2 days 
(Metallo et al., 2008). 
Shear apparatus  
The shear apparatus for this study consisted of a par llel plate flow chamber in a closed-loop 
system as previously described (Frangos J A et al., 1988). Pressure difference between upper 
and lower reservoirs was used to drive fluid flow through the chamber, and a peristaltic pump 
supplied a surplus of fluid to the upper reservoir, providing a constant flow rate to the 
chamber. For this purpose, ESC-derived EC were cultured at the center of a petridish for 2-3 
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days then a defined chamber was vacuum-sealed to the petridish and established a parallel 
plate flow system. 
For the parallel-plate flow chamber, the wall shear stress on the cells may be calculated using 
the momentum balance for a Newtonian fluid. The relationship between WSS (τ), flow rate 
(Q) and the chamber’s geometry is defined as: τ = 6µQ/(wh2) where µ is the viscosity of the 
perfusate, w is the width and h is the height of the flow channel. The shear stress in this study 
was 5 dyn/cm2, the calculated value from Poiseuille flow in the dorsal aorta of the mouse 
embryo (Adamo et al., 2009), and the exposure time was 8 h (time at which significant 
change in gene expression were noticed).  
Tight junction protein localization after shear stress: To assess the effect of shear on tight 
junction localization and integrity ESC-derived EC were exposed 5 dyn/cm2  shear stress for 
8hr. Then cells were immunostained for tight junction proteins: ZO-1 and CLD5 (1:200, 
Zymed) and the stained junctions were compared to their stained static controls. The 
immunostaining protocol in this part was the same as the one used in cell characterization.  
Shear apparatus and Heparinase III treatment:To degrade the cell surface HSPG prior to 
shear stress, 20 mU/ml Heparinase III (Sigma chemical) was directly added to growth media. 
Cells were incubated for 2h at 37°C. The flow media consisted of culture growth media with 
5% FBS and 0.5% BSA supplemented either with or withou  20mU/ml Heparinase III 
(Sigma chemical). The applied shear was 5 dyn/cm2 ,  and the exposure time was 8 h. The 
enzyme concentration used in this work is sufficient to remove the HS without damaging the 




Heparan sulfate, chondroitin sulfate, hyaluronic acid characterization and heparinase 
III treatment 
 
 To assess the abundance of heparan sulfate glycosaminoglycans (HS-GAG), chondroitin 
sulfate glycosaminoglycans (CS-GAG), and hyaluronic acid glycosaminoglycans (HA-GAG) 
primary antibodies: HepSS-1 (US Biological), anti-chondroitin sulfate (Sigma), and 
hyaluronic acid binding protein (USBiological) were used, respectively. Alexa Fluor 488 
goat anti-mouse IgM (Invitrogen) was used as the secondary antibody to stain HS and CS. 
Anti-Biotin (Jackson Immuno) was used as the secondary antibody to stain HA. Briefly ES-
derived ECs were fixed with 4% paraformaldehyde (2%PFA/0.1%Glutaraldehyde for HA) 
and blocked with 4% BSA in PBS prior to incubation with primary antibodies HepSS-
1(1:200; 3h), anti-CS (1:100; 3h), and HA binding protein (1:100; over night). Samples were 
washed three times and then incubated with secondary antibodies: anti-mouse IgM (1:100; 
2h) for HS and CS and anti-Biotin (1:500; 2h) for HA. Cells were mounted with mounting 
medium containing propidium iodide (PI) or DAPI (Vector Laboratories) and covered by 
cover slips. To cleave the cell surface HS prior to immunostaining, ESC-derived ECs were 
treated with Heparinase III (60mU/ml, Sigma chemical) and incubated at 37°C for 1h. 
Quantitative RT-PCR 
Total RNA from sheared and static as well as  Heparinase III treated and untreated cellswere 
harvested using the following protocol as previously described (Shi et al., 2010).  ESC- 
derived EC were lysed through incubation with TRIzol LS Reagent for 3-5min (Invitrogen). 
To remove any insoluble materials, the cell suspension was centrifuged for 15 min at 
13,000×g and 4°C. Chloroform was added for phase separation followed by RNA isolation 
using the Purelink RNA Mini Kit (Invitrogen). RNA samples were then converted to cDNA 
by reverse transcription (RT) reaction. Reverse transcription was performed in a total volume 
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of 25µl containing Absolute Blue QPCR SYBR Green ROX Mix (Thermo Scientific), 
cDNA, and specific primer pairs. Target cDNA was amplified as follows: initial denaturing 
at 95°C for 15 min, followed by denaturation for 45cycles of 20sec at 95°C, 30 second at 
55°C for annealing, and 30 seconds at 72°C for elongation. The fluorescent data were 
collected at 80°C. Primer sequences for mouse genes are listed in Table 2.1. Gene expression 
was calculated using the DDCt method. 







Data Analysis  
All the experiments were run independent of each other.  Each individual set of experiments 
was normalized to its own control before averaging them. Therefore, there are no error bars 
associated with the control group in the results figures. Results are presented as mean ± 
SEM.  Data were analyzed for statistical significance using a Student’s t-test with a two-
tailed distribution, and P<0.05 was considered statistically significant. 
IV.  Results 
Characterization of ESC-derived endothelial cells  
We have been able to sort CD31+/CD45- cells from the mouse ESC culture. Flow cytometry 
analysis demonstrated that 97.1% of cells were positive for CD31 (Fig. 2.2A). The 
 
Gene Accession NO. 
 
Forward primer (5′ to 3′) 
 
Reverse primer (5′ to 3′) Reference 
 
vWF NM_011708 GCTTGAACTGTTTGACGGAGAGG TGACCCAGCAGCAGGATGAC (Wang H et al. 2005) 
PECAM1 NM_008816 TCCCTGGGAGGTCGTCCAT GAACAAGGCAGCGG TTTA (Wang H et al. 2005) 
VE-cadherin X83930 TCCTCTGCATCCTCACTATCACA GTAAGTGACCAACTGCTCGTGAAT (Wang H et al. 2005) 
ZO-1 NM_009386.2 GGAGCTACGCTTGCCACACT GGTCAATCAGGACGAAACACAGT (Li et al. 2010) 
OCLD NM_ 008756.2 ATCCTGTCTATGCTCATTATTGTG CTGCTCTTGGGTCTGTATATCC (Wang et al. 2006) 
CLD5 NM_ 013805 TAAGGCACGGGTAGCACTCA GCCCAGCTCGTACTTCTGTG (Li et al. 2010) 
eNOS NM_008713 CACCAGGAAGAAGACCTTTAAGGA CACACGCTTCGCCATCAC (Ferrer et al. 2007) 
ET-1 NM_010104.3 TTCCCGTGATCTTCTCTCTGCT TCTGCTTGGCAG AATTCCA (Uchide et al. 2001) 
COX-2 NM_011198.3 TTCAAAAGAAGTGCTGGAAAAGGT GATCATCTCTACCTGAGTGTCTTT (Persaud et al. 2004) 
GAPDH M32599 CGTGCCGCCTGGAGAAACC TGGAAGAGTGGGAGTTGCTGTTG (Wang H et al. 2005) 
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proportion of IgG-PE/IgG-FITC conjugated mAb control (Fig. 2.2B) and CD31+/CD45- cells 
(Fig. 2.2C) were measured by flow cytometry. These data reveal more than 96.7% of cells 
are CD31+/CD45- . In order to further characterize the ES-derived EC, cells were stained for 
the endothelial cell markers: Flk-1 (VEGF-2 receptor; Fig. 2.2D), Flt-1 (VEGF-1 receptor; 
Fig. 2.2E), PECAM-1(Fig. 2.2F) and VE-cadherin (Fig. 2.2G’). ES-derived endothelial cells 
were positive for all of these endothelial makers. The positive staining of nuclei for VE-
cadherin in addition to the border staining indicates he embryonic stage of these immature 
cells which is consistent with other studies (McCloskey KE, 2006 
). To test the ability of ES-derived EC to uptake of Dil-labeled ac-LDL, CD31+/CD45- cells 
were incubated with Dil-labeled acetylated low density lipoprotein. There is pronounced 
uptake of ac-LDL by the differentiated cells, a hallm rk of the endothelial phenotype (Fig 
2.2H, H’). To test the ability of ES-derived endothelial cells to form complex vascular 
structures in vitro, CD31+/CD45- cells were seeded on the Matrigel matrix.  After 2 days, ES-
derived endothelial cells formed multidimensional tubular structures, a characteristic of 
endothelial behavior (Fig. 2.2I, I’).  
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Figure 2.2:  Evidence that ESC-derived ECs (CD31+/CD45- cells) display endothelial phenotype 
characteristics. Panel (A) shows flow cytometry analysis of ESC-derived endothelial cells stained for 
CD31 PE (solid red) and isotype control (dashed lines) indicating that 97.1% of cells are positive for 
CD31. Panels (B) and (C) represent flow cytometry analysis of IgG-PE/IgG-FITC isotypes 
conjugated control and CD31+/CD45- cells respectively. Percentage values are shown for respective 
quadrants.  Panels (D) and (E) show the expression of Flk-1 (VEGR2) and Flt-1 (VEGR1) on ESC-
derived ECs respectively. Panel (F) shows the expression of PECAM-1. Panel (G) shows clearly a 
colony of CD31+/CD45- cells where they become more differentiated from the center toward the 
periphery, taking on the cobblestone morphology of EC in static culture. Panel (G') shows a group of 
cells where the expression of VE-cadherin at the cell borders is enhanced. Panel H/ H' displays the 
uptake of acetylated LDL by CD31+/CD45- cells. (H) shows dominant red staining of ac-LDL over a 
field of CD31+/CD45-  cells. (H') superimposes the ac-LDL staining on the cell outlines.    ESC-
derived ECs were plated onto growth factor-reduced Matrigel and cultured for 24h (I). On day 2, ES-
derived endothelial cells formed 3-dimensional tubes, a capillary-like endothelial structure (I').   
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Effect of shear stress on ESC-derived EC gene expression 
To examine the effect of laminar shear stress on expression of endothelial specific markers, 
ESC-derived EC were exposed to 5 dyn/cm2 shear stress for 8h. The mRNA levels were 
measured by RT-qRCR and shown in Figure 2.3.  
Shear stress significantly enhanced the mRNA level of the endothelial cell markers: vWF, 
PECAM-1, and VE-cadherin (Fig. 2.3A). The expression of these genes was upregulated 
approximately 4-fold. We also investigated the response of tight junction molecules at the 
mRNA level (Fig. 2.3B). Our data shows ZO-1 and CLD5 mRNA levels were significantly 
upregulated, increasingly 3.2- and 2.4-fold respectiv ly. Although OCLD expression 
increased, the increase was not statistically significant. Shear stress also altered the mRNA 
level of vasoregulatory genes (Fig. 2.3C). Shear stres  enhanced the expression of the two 
vasodilatory genes eNOS, and COX2 by 6.2- and 6.8-fold, respectively. The expression of 
the vasoconstrictive gene, ET1, significantly decreased (30%) upon exposure to shear stress. 
These results led us to test our hypothesis concerning the role of HSPG in the shear stress 














                                       
Figure 2.3:  ESC-derived EC gene response after exposure to shear stress (5 dyn/cm2 for 8h). 
Relative gene expression (gene/GAPDH) was measured by qPCR and normalized to its own static 
control case. mRNA level of endothelial cells markers: vWF, PECAM-1,and VE-cadherin were 
significantly enhanced ( A). From the tight junction group, the mRNA levels of ZO-1 and CLD5 were 
significantly upreguated; no significant change in xpression of OCLD was observed (B). Shear stress 
significantly modulated the expression of vasoregulatory genes. The mRNA expression of eNOS and 
COX2 were significantly increased, while the expression of ET-1 was significantly decreased (C). *P 
< 0.05 compared to unsheared control (n = 3-7). 
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Effect of shear stress on tight junction proteins  
 
To examine the effect of laminar shear stress on expression and localization of junctional   
proteins, ESC-derived EC were exposed to 5 dyn/cm2 shear stress for 8h. Since we showed 
that shear stress significantly increased the gene expression of ZO1 and CLD5 but not 
OCLD, immunostaining was performed only for ZO-1 and CLD5. The immunostaining 
results for ZO-1 and CLD5 are shown in Figure 2.4. The fluorescent intensity of ZO-1 didn’t 
increased compared to the static control. However, the pattern of distribution in ZO-1 
changed from narrow border lines to a wider jagged appearance localized at the cell-cell 
junctions as shown for mature EC in static condition(Cancel and Tarbell, 2010). Following 
exposure to shear stress, we observed that the fluorescent intensity of CLD5 at cell–cell 
borders increased, indicating an increase in CLD5 expression in these areas. 
                    
Figure 2.4: Immunofluorescence staining for ZO-1 and CLD5 in ESC-derived ECs before and after 
exposure to shear stress (5 dyn/cm2 for 8h). (Top panels) show that shear stress changed the 
distribution of ZO-1 from narrow border lines to a wider jagged pattern localized at the cell-cell 
junctions. (Lower panels) show shear stress increased expression of CLD5 at cell borders.  
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ESC-derived EC surfaces contain heparan sulfate proteoglycan 
To assess the surface of ESC-derived EC for the presenc  of HSPG, we stained the cell 
surface with heparan sulfate specific antibody. As shown in Fig. 2.5, ESC-derived EC 
showed a high intensity of HS-specific fluorescence, suggesting these cell surfaces contain 
abundant HSPG. Treatment with heparinase III decreased the fluorescent intensity markedly, 
indicating that the overall expression of heparan sulfate per cell surface was significantly 
reduced.  
 
              
Figure 2.5: Immunofluorescence staining for HSPG in ESC-derived ECs before and after treatment 
with heparinase III. (Top panels) show that the surfaces of untreated ESC-derived ECs contain HSPG. 








Heparinase III selectively degrades the targeted glycosaminoglycan 
To demonstrate that Heparinase III does not affect pro eoglycans other than HSPG, we 
stained the surface of ESC-derived EC for chondroitin sulfate and hyaluronic acid. As shown 
in Fig. 2.6 and Fig. 2.7, ESC-derived EC showed moderate intensity of CS-specific and HA-
specific fluorescence, suggesting these cell surfaces ontain chondroitin sulfate and 
hyaluronic acid. Treatment with heparinase III did not change the fluorescent intensity of CS 
or HA, indicating that Heparinase III did not cleav either GAG component. These data 
demonstrate that Heparinase III is glycosaminoglycan specific and it selectively degrades the 
targeted GAG, as shown for mature EC  (Tarbell and Ebong, 2008).  
 
 
Figure 2.6: Immunofluorescence staining for CSPG in ESC-derived ECs before and after treatment 
with heparinase III. (Top panels) show that the surfaces of untreated ESC-derived ECs contain CSPG. 




Figure 2.7: Immunofluorescence staining for HA in ESC-derived ECs before and after treatment with 
heparinase III. (Top panels) show that the surfaces of untreated ESC-derived ECs contain HA. 
Treatment with heparinase III did not change the int nsity of HA fluorescence (Lower panels).  
 
The role of HSPG in shear-induced ESC-derived EC gen  expression 
To investigate whether HSPG serve as a mediator in shear-induced responses in ESC-derived 
EC, we repeated our shear experiment series after cleavage of HSPG with Hep III. The ESC-
derived EC were exposed to 5 dyn/cm2 shear stress for 8 h. As shown in Fig. 2.8, Heparinase 
III did not affect the base line gene expression of endothelial marker genes (PECAM-1, vWF, 
VE-cadherin), as well as vasoregulatory genes (eNOS, ET-1, COX2), while it increased the 
base line gene expression of tight junction moleculs (ZO-1,OCLD, and  CLD5). 
Upon exposure to shear stress, we observed that the shear-induced expression of vWF and 
VE-cadherin were abolished after removal of HSPG, while the shear-induced expression of 
PECAM-1 was not affected (Fig. 2.8A). The shear-induced expression of ZO-1 was 
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completely abolished. The Heparinase III- induced base line elevation of ZO-1, OCLD and 
CLD5 were attenuated by shear force, although the effects were not statistically significant 
for OCLD and CLD5 (Fig. 2.8B). The Shear stress-induced effects on eNOS and COX2 were 
completely abolished, while the suppression of ET-1 gene expression induced by shear was 
not affected (Fig. 2.8C).  
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Figure 2.8:  ESC-derived EC gene response to shear stress (5 dyn/cm2 for 8h) after treatment with 
heparinase III (20 mU/ml). Relative gene expression (gene/GAPDH) was measured by qPCR and 
normalized to its own static control case prior to enzyme treatment. Heparinase III did not affect the 
base line gene expression of endothelial marker genes a d vasoregulatory genes, while it increased 
the base line gene expression of tight junction molecules compared to their untreated counterparts. 
The Shear-induced expression of vWF and VE-cadherin were completely inhibited after removal of 
HSPG, while the shear-induced expression of PECAM-1 was not affected (A). The Shear-induced 
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expression of ZO-1 was completely abolished while there was no significant decrease in OCLD and 
CLD5 expression with respect to their Hep treated sheared cases, as well as, untreated static control 
cases (B). The Shear stress-induced effect on eNOS and COX2 were completely abolished, while the 
suppression of ET-1 gene expression induced by shear was not affected compared to its untreated 
counterpart (C). *P < 0.05 compared to unsheared control (ctrl); #P < 0.05 compared to Hep untreated 
sheared (shear) (n = 3-7). 
 
V.  Discussion 
The differentiation of embryonic stem cells into desir d lineages depends on the chemical 
environment of the “niche”, and for certain lineages such as the vascular lineage that must 
function in a mechanical environment, the timely imposition of mechanical forces is critical. 
It has been reported that ESC are flow perceptive and that their proliferation and 
differentiation into vascular endothelial cells can be enhanced by shear stress (Wang H et al., 
2005, Yamamoto K, 2005, Zeng 2006 ). Furthermore, it has been reported that the cell 
surface glycocalyx mediates shear stress mechanotransduction on mature endothelial cell 
(Tarbell and Pahakis, 2006).  Important evidence that supports a major role for the 
glycocalyx in mechanotransduction comes from the study of Florian et al. (2003) who 
showed that the degradation of the glycocalyx heparan sulfate proteoglycan of bovine aortic 
endothelial cell in vitro completely blocked shear-induced nitric oxide (NO) production.  
In the present study we show that shear stress induces the gene expression of vWF, VE-
cadherin, and PECAM-1 (Fig. 2.3A). These results are supported by other studies using stem 
cells and progenitor cells. For example, it has been reported that shear stress increases the 
expression of PECAM-1 and VE-cadherin in mESC-derived EC at protein and gene levels 
(Yamamoto K, 2005).  In addition, work by Wang et al. (2005) on murine mesenchymal 
progenitor cells also demonstrated that laminar shear stress upregulated EC markers 
(PECAM-1, VE-cadherin and vWF) at gene and protein l vels. Furthermore, it has been 
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shown that shear stress increases the expression of vWF protein in endothelial progenitor 
cells (Ye et al., 2008), and vWF mRNA in HUVEC  (Hough et al., 2008).  
Our gene expression data indicating a significant response of ESC-derived EC to stress shear 
is consistent with the above studies. However, we for the first time report a role for the 
glycocalyx in the shear -induced response of ESC-derived EC. After removal of heparan 
sulfate the shear stress-induced increase of vWF and VE-cadherin were abolished (Fig. 
2.8A). However, heparinase III didn’t alter the shear induced effect on PECAM-1expression. 
This indicates that the shear-induced responses of vWF and VE-cadherin are dependent on 
HSPG, while the shear -induced effect on PECAM-1 expr ssion is independent of HSPG.  
PECAM-1 is a member of the immunoglobulin superfamily and expressed by platelets, 
monocytes, and some lymphocytes, and at 10-fold higher levels on mature vascular 
endothelial cells (Fawcett et al., 1995). It has been shown that PECAM-1 plays a key role as 
shear stress mechanosensor (Tzima E, 2005|), however the regulation of  PECAM-1 
expression under flow in vitro or in vivo remain unclear {Stevens, 2008 #2509;Woodfin, 
2007 #2517}. 
We report that shear stress significantly increases th  gene expression of ZO-1, and CLD5, 
while there is no significant change in expression of OCLD (Fig. 2.3B). Interestingly, we 
couldn’t find any previous studies of tight junction components of stem cells or progenitor 
cells. In adult cells there are contradictory results regarding shear effects on these junctional 
molecules. DeMaio et al. (2001 ) reported that exposure of BAECs to shear stress reduced 
OCLD expression at the mRNA and protein levels. No change in ZO-1 expression was 
observed. However, Conklin et al. (2002 ) has report d that low shear stress compared to 
physiological levels in porcine carotid arteries, downregulated the expression  of OCLD at 
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mRNA and protein levels. Karamanian (2009) showed that subjecting HUVECS to disturbed 
flow resulted in inhibition of CLD5 expression at protein level compared to laminar flow. On 
the other hand, Dekker et al. (2002) reported exposure of HUVECs to laminar shear stress 
downregulates gene expression of CLD5.  
 The difference in the conclusions of the above studies could be the result of different cell 
types and shear models. Furthermore, the tight junction omponents of adult cells might not 
be a valid reference to be used for comparing with the tight junction components of 
embryonic cells.  
It has been reported that some tight junction proteins such as ZO-1 are found at the adherens 
junctions during early stages of junction formation and later when junctions become stable 
they move to tight junctions and become concentrated  those sits (Dejana, 2004).  
It has been shown that there are differences between mature EC responses to shear and ESC-
derived EC responses to shear stress. For example vWF, eNOS, COX2 are upregulated in 
both mature ECs and ESC-ECs. However, junctional proteins which are an important part of 
the integrity and functionality of endothelial cells behave differently. It has been shown that 
shear stress does not  affect ZO-1 expression in mature endothelial cells (Berardi and Tarbell, 
2009, DeMaio L, 2001 ) and it down regulates expression of OCLD and CLD5 (Dekker et al. 
2002, Demaio et al 2001 ). At the gene level we have shown that the expression of ZO-1and 
CLD5 are upregulated ( Figure 2.3) and at the protein l vel we showed an increase in 
expression of CLD5 and a change in the  morphology of ZO-1 (Figure 3). These results not 
only show that junctional proteins change in the process of differentiation, but also show the 
important role of shear stress in this process. 
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The most apical junctions, the tight junctions (Michel and Curry, 1999),  very often mix with 
adherens junctions all the way along the intercellular cleft (Dejana, 2004). After removal of 
HSPG we observed an increased in base line expression of ZO-1, OCLD, and CLD5 in static 
controls samples compared to their untreated counterparts (Fig. 2.8B). The response of ZO-1 
to the enzyme treatment was more robust (with smaller standard deviation) compared to 
OCLD and CLD5 responses (with larger standard deviations). Although the nature of this 
behavior is yet to be elucidated, the location of these tight junction molecules might provide 
some clues. It is possible that removal of HSPG at the apical junction triggers and disturbs 
gene expression of some transmembrane components of the tight junction, in particular 
occludin and claudin5 (which directly contact the glycocalyx), as well as affecting the 
cytoplasmic components of tight junction, such as ZO-1 (which doesn’t contact the 
glycocalyx), with less impact. In addition, the response of ZO-1 to shear stress before and 
after disruption of glycocalyx is closer to the VE-cadherin response than the OCLD and 
CLD5 responses which further strengthens the idea that ZO-1 may localize at the adherens 
junction during the early stages of junction formation.  
Our observation of upregulation of eNOS and COX2 and downregulation of ET-1 upon 
exposure to shear stress (Fig. 2.3C) is consistent with that seen in mESC-derived EC (Toda et 
al., 2008) and in hESC-derived EC (Metallo et al., 2008) both at mRNA levels. These results 
confirm that the shear stress is critical to enhance the expression of vasoregulatory genes.  
After cleavage of HSPG the shear stress-induced effects on the two vasodilatory genes, eNOs 
and COX2 were abolished. However removal of HSPG didn’t alter the shear-induced 
response of ET-1 (Fig. 2.8C). This indicates that sear stress-induced responses of eNOS and 
 40 
COX2 are dependent on HSPG, while the shear stress-induced effect on ET-1expression is 
independent of HSPG.  
It has been reported that ET-1 expression in endothelial cells is dependent on TGF-β 
(Castanares et al., 2007) and inhibition of TGF-β enhances growth and integrity of human 
and mouse embryonic stem cell–derived endothelial cells, respectively (James et al., 2010, 
Watabe et al., 2003). Furthermore, Wang et al. (2008) showed that applied shear stress on 
mouse embryonic mesenchymal progenitor cells abolished TGF-β signaling through 
downregulation of TGF-β1. Therefore whether TGF-β has any role in shear-induced EC 
differentiation and ET1 down-regulation needs to be inv stigated.  
Recent studies by different groups have confirmed th  significant influence of shear stress on 
differentiation of ESC to vascular EC. The current study presents the first evidence that 
HSPG, as a mechanosensor, can contribute to shear-induced regulation of ESC-derived EC. 
The outcome of this study provides a deeper understanding of the underlying mechanism by 
which shear stress promotes ESC-derived EC differentiation, and may provide clues for 
enhancing the maturation of ESC-derived ECs. This may ultimately help us to produce more 
functional EC for applications in vascular repair and tissue engineering. It is apparent that the 
HSPG components of the glycocalyx plays an important role in shear-induced EC 
differentiation. It will be of great interest to further study what other components of the 
glycocalyx play a role in differentiation of ESC into EC. It will also be interesting to 
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I.  Abstract 
It has been shown that embryonic stem cells at different stages of differentiation are cyclic 
strain perceptive and that their differentiation ca be regulated by cyclic strain. However the 
underlying mechanisms mediating cyclic strain effects in this process have not been 
elucidated. Thus, there is a need for hypotheses to explain the underlying mechanisms of 
ESC response to cyclic strain. In our previous work we reported that shear stress alone 
enhanced EC maker genes on CD31+/CD45- cell population. In this study we observed that 
cyclic strain significantly decreased the expression of vascular endothelial cell-specific 
marker genes (vWF, VE-cadherin, PECAM-1), tight junction protein genes (ZO-1, OCLD, 
CLD5), and vasoactive genes (eNOS, ET1) on CD31+/CD45- cells, while it didn’t alter the 
expression of COX-2.  The effect of cyclic strain oexpression of smooth muscle cell-
specific marker genes (SMC α-actin, SM myosin heavy chain, PDGFB, and PDGFR) was 
also investigated. Cyclic strain decreased the expression of PDGFB and SMC α-actin, while 
it didn’t alter the expression of PDGFR. Although SM-MHC expression decreased, the 
decrease was not statistically significant. In addition, cyclic strain decreased the expression 
of TGFβ, an important growth factor that contributes in maintaining ESCs in undifferentiated 
state. This data suggests that the CD31+/CD45- cell population has no vehicle to allow it to 
revert back to a more naïve undifferentiated state or to the SMC phenotype.   
In order to evaluate the role of integrin in the cyclic strain-induced gene expression of 
CD31+/CD45- cells, we incubated cells with RGDS peptide (integrin blocker) or RGES 
(control peptide). The expression of vascular endothelial marker genes in RGDS treated cells 
were measured and then compared to their RGES treated counterpart, as well as to their 
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untreated control. The cyclic strain-induced inhibition of PECAM1, VE-cadherin, ZO-1, 
CLD5, and ET1 were abolished, suggesting that cycli strain-induced inhibition of these 
genes depends on integrin. We also examined whether cell surface Heparan Sulfate 
proteoglycan plays a role in cyclic strain modulation of CD31+/CD45- cells. After reduction 
of HSPG with Hep III (the heparan sulfate degrading enzyme), the cyclic strain-induced 
suppression of PECAM1, VE-cadherin, vWF, ZO-1, OCLD, CLD5, and eNOS were 
abolished, suggesting that cyclic strain-induced expr ssion of these genes depends on HSPG.  
Furthermore, we investigated whether Syndecan-4, a transmembrane core protein of HSPG 
plays a role in the cyclic strain-induced gene exprssion of CD31+/CD45- cells.  After 
silencing the expression of Syndecan-4 via siRNA transfection, the cyclic strain-altered 
expression of PECAM1, VE-cadherin, vWF, and CLD5 were abolished, suggesting that 
cyclic strain-induced suppression of these genes depends on Syndecan-4. Finally, using 
immunostaining, we were able to show that the activtion of β1 integrin in syndecan-4 
knockdown cells was inhibited. On the other hand, the blockage of integrin with RGDS 
peptide did not alter the expression of Syndecan-4 at the gene level. These observations 
suggest that syndican-4 has an upstream controlling role on integrin. 
 In our previous work we reported that HSPGs, the major components of the endothelial 
glycocalyx, participate in mechanotransduction by transmitting fluid shear stress into ESC-
derived ECs leading to the enhancement of EC marker genes. In the present study, for the 
first time, we show that HSPG GAG, integrin,  and HSPG core protein syndecan-4 are 
mechanosensors mediating cyclic strain-induced ESC-derived EC gene expression The 
outcome of these studies provide a deeper understanding of the underlying mechanism and 
mechanotransducers engaged in fluid shear stress and cyclic stretch regulation process. This 
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may ultimately help us to get closer to functional endothelial cells for applications in vascular 
repair and tissue engineering by training with mechanical forces. 
II.  Introduction 
Endothelial cells play a critical role in the function of cardiovascular system. Fully 
differentiated EC line the intima, the innermost part of a blood vessel, and play an important 
role in homeostasis as they provide a blood contacti g surface resistant to clotting and a 
barrier to regulate the transport of solutes between blood and the underlying tissue (Tarbell, 
2010).  Much effort has been expended in developing tissue-engineered endothelial cells for 
cell therapy, treatment of vascular disease and regen rative medicine. A potential source of 
cells for these applications is embryonic stem cells (ESC) as they are capable of 
differentiating into vascular cell phenotypes (Smith AG, 2001 ). 
The differentiation of stem cells into desired lineag  depends on chemical stimuli, like 
growth factors, and for certain lineages such as the vascular lineage that must function in a 
mechanical environment, the timely imposition of mechanical forces is critical. In the early 
stages of embryonic vasculogenesis, blood islands formed by the hemangioblasts give rise to 
the early vasculature needed to nourish the embryo. At this stage, fluid shear stress of blood 
flow is the principal mechanical force that drives further differentiation into endothelial cell 
phenotype (Gloe et al., 2002, Jones et al., 2006). As the fetal heart begins to beat, the 
vasculature starts to experience cyclic strain and associated stress in addition to shear stress. 
Endothelial cells are constantly subjected to fluid shear stress and circumferential cyclic 
strain due to pulsatile blood flow and pressure, respectively. Endothelial cells like other cells 
are structurally and functionally integrated with teir surroundings. The hemodynamic 
environment surrounding vascular cells play an important role in determining the regulation 
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of these cells in normal and pathological conditions (Hsiai et al., 2003, Shojaei et al., 2015).  
Although there have been a number of studies that investigated the effect of chemical factors 
on ESC differentiation, the effect of mechanical forces on ESC differentiation is a relatively 
new area of study. Interestingly, while the effect of fluid shear stress on endothelial cell 
differentiation has been investigated, much less is known regarding the role of cyclic strain 
on endothelial cell differentiation. For example, a clear in vitro demonstration of the effect of 
shear stress on stem cell differentiation was report d by Yamamoto et al.(Yamamoto K, 
2005) who showed that shear stress induced differentiation of Flk-1+  (VEGF receptor 2, the 
vascular endothelial cell specific-marker) mouse ESC into cells resembling vascular EC in 
vitro. There have been several other shear stress studie  based on cell monolayer approaches 
to initial differentiation (Adamo et al., 2009, Calif no and Reinhart-King, 2010, Fischer et 
al., 2009, McCloskey KE, 2003, Metallo et al., 2008, Wu et al., 2008) and also several other 
shear stress studies based on an embroid body approach t  initial differentiation (Ahsan and 
Nerem, 2010, Fridley et al., 2010, Purpura et al., 2008, Sargent et al., 2010, Toh and 
Voldman, 2011). Even though these studies acknowledged the effect of shear stress on ESC 
differentiation and maturation, the underlying mechanisms of this process were unknown. 
Thus, there was a need for hypotheses to explain the underlying mechanisms of ESC 
response to shear stress. In our previous work we reported that HSPGs, the major 
components of the endothelial glycocalyx, participate in mechanotransduction by 
transmitting the fluid shear stress into the ESC-derived ECs where it induced the 
enhancement of EC marker genes (Nikmanesh et al., 2012). 
In the present study, we investigate the effect of cyclic strain on ESC-derived EC in 
expression of vascular endothelial cell-specific marker genes (vWF, VE-cadherin, PECAM-
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1), tight junction protein genes (ZO-1, OCLD, CLD5), and vasoregulatory genes (eNOS, 
ET1, COX2), and test several hypotheses to explain the underlying mechanisms of ESC 
response to cyclic strain.  
Yamashita et al. (Yamashita et al., 2000) developed a method that used cell growth factors to 
induce selective differentiation of Flk-1+ cells into vascular cells. In this method addition of 
VEGF to the cultures promoted endothelial differentiation, whereas vascular smooth muscle 
cells (VSMCs) and pericytes were induced by platelet-derived growth factor-B (PDGFB). 
Shimizu et al. (Shimizu et al., 2008) demonstrated that cyclic strain activated PDGF receptor 
and that the activation of PDGFR plays a critical role in VSMC differentiation from Flk-1+ 
cells. In this study, we also examine the effect of cyclic strain on smooth muscle cell-specific 
marker genes (SMC alpha actin, SM myosin heavy chain, PDGFB, and PDGFR).  In addition 
we examine the effect of cyclic strain on TGFβ, an important growth factor that contributes 
in maintaining ESCs in the undifferentiated state (Ludwig et al., 2006). It has been shown 
that TGFβ promotes SMC differentiation from embryonic stem cells or mesenchymal stem 
cells (Gong and Niklason, 2008, Zhang et al., 2009).  
The principal mechanical forces sensed by ECs are the shear stress of flowing blood on their 
apical surface, and the circumferential stress resisting blood pressure, which induces stretch 
in the cell body. ‘Mechanotransduction’ refers to the mechanisms by which these mechanical 
forces are transduced into biomolecular responses of the cells through mechanosensor 
mediators (Tarbell and Pahakis, 2006). 
Endothelial cells are covered with an apical surface coating called the glycocalyx. The 
glycocalyx is a negatively charged mesh of membrane-bound macromolecules which include 
proteoglycans , glycosaminoglycans (GAGs), glycoproteins, and associated plasma proteins 
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(Pries et al. 2000). The cell surface heparan sulfate proteoglycans (HSPGs) are composed of 
a core protein to which chains of the glycosaminoglycan, heparan sulfate (HS), are attached. 
It has been proposed in several models that HSPGs, the major components of the endothelial 
glycocalyx, participate in mechanotransduction by transmitting the fluid shear stress through 
the HSPG core proteins into the cell where it is transduced into biochemical responses 
(Brower et al., 2010, Secomb et al., 2001, Shi and Tarbell, 2011, Tarbell and Pahakis, 2006, 
Thi et al., 2004, Weinbaum et al., 2007, Yao et al., 2007). 
 It has been reported that heparinase III enzyme is specific for heparan sulfate proteoglycan 
and it selectively degrades the targeted glycosaminoglycan component. (Tarbell and Ebong 
2008).  In particular, it has been demonstrated that cell surface HSPGs act as mechanosensors 
for mature endothelial cells (Florian et al., 2003, Pahakis et al., 2007), ESC-derived 
endothelial cells (Nikmanesh et al., 2012), and smooth muscle cells (Ainslie et al. 2005; Shi 
et al. 2010; Shi et al. 2011). Furthermore, it has been reported that exogenous heparan sulfate 
promotes cell spreading, focal adhesion and adherens junction formation. Exogenous heparan 
sulfate is capable of reducing matrix degradation and the invasion of human breast carcinoma 
cells into tissue (Lim et al., 2015). We will investigate whether HSPG GAG at the basal 
membrane mediate the cyclic strain modulation of ESC-derived endothelial cells gene 
expression. 
The presence of different classes of core protein, in addition to highly polymorphic heparan 
sulfate chains, and various GAG side chains creates a superfamily of macromolecules with a 
wide variety of structure and function including the syndecan that have transmembrane core 
proteins linked to the actin cytoskeleton and glypricans that are integrated into the plasma 
membrane through GPI anchors. It has been reported that syndecan-4 with both HS and CS 
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side chains, plays a major role as a protein that colocalizes with integrins at focal adhesion 
site in epithelial cells that are predominantly on the basal aspect of cell (Longley et al., 1999, 
Saoncella et al., 1999). In addition, it has been shown that syndecan-4 is a central mediator of 
cell adhesion, migration, proliferation, and mechanotransduction. The broad effects of this 
molecule are evidenced by its unique versatility in extracellular, cell membrane, and 
intracellular interactions (Elfenbein and Simons, 2013). We will investigate whether 
syndecan-4 at the basal membrane mediates the cyclic strain modulation of ESC-derived 
endothelial cell gene expression. 
Focal adhesion complexes are specialized sites of attachment between cells and the 
extracellular matrix, composed of integrins and many focal adhesion-associated cytoplasmic 
proteins. Because of their cellular location focal adhesions play a role in signal transduction 
and have been suggested to function as mechanosensor  i  mature endothelial and smooth 
muscle cells (Ponik and Pavalko, 2004)Integrins are transmembrane heterodimer complexes 
of α and β subunits that are important  for cell-cell and cell-extracellular matrix (ECM) 
interactions (Humphries et al., 2006, Hynes, 2002). The combination of variable α and β 
subunits determine receptor specificity. Total of nineteen integrin α and eight β subunits 
identified which they can form at least 25 distinct α/β hetrodimers. Engagement of different 
integrin heterodimers by the same extracellular ligand evoke significantly different cellular 
responses (Morgan et al., 2009). It has been reportd that α5β1 integrin (fibronectin receptor) 
and αvβ3 integrin (vitronectin receptor) are important in focal adhesion formation in 
endothelial cells (Francis et al., 2002, Humphries et al., 2006) . Furthermore, Serini et al 
(Serini et al., 2006) reported that α5β1 integrin plays an important role in the development of 
the vascular system during embryogenesis.  
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The tetra peptide Arg-Gly-Asp-Ser (RGDS) is the primary integrin binding sequence within 
extracellular matrix fibronectin and therefore treament with soluble RGDS peptide competes 
with the RGDS sequence in fibronectin for integrin b ding and specifically blocks integrin-
fibronectin interactions (Dekkers et al., 2010, Pankov and Yamada, 2002, Ponik and Pavalko, 
2004). We will investigate whether integrins at focal adhesions mediate the cyclic strain 
modulation of ESC-derived endothelial cells 
In our previous work we reported that HSPGs, the major components of the endothelial 
glycocalyx, participate in mechanotransduction by transmitting fluid shear stress into ESC-
derived ECs leading to the enhancement of EC marker genes (Nikmanesh et al., 2012). In 
this study, we test the hypotheses that HSPG, syndeca 4 and integrins mediate the response 
of ESC-derived EC to cyclic strain in expression of vascular endothelial cell-specific marker 
genes, tight junction protein genes, and vasoregulatory genes. 
III.  Materials and Methods 
Cell culture and differentiation  
Mouse ESC obtained from ATCC were maintained and cultured as we previously described 
(Nikmanesh et al., 2012). In Brief, MESC were mainti ed and cultured in an 
undifferentiated state by culturing on inactivated f eder cells, using 10 µg/ml Mitomycin C. 
Primary embryonic fibroblast from CF-1 mice (MEF) also from ATCC were used for this 
purpose. ESCs were seeded on 0.1% gelatin coated dishes n DMEM (Gibco) containing 
15% FBS (Gibco), 103 U/ml leukemia inhibitory factor (ESGRO, Millipore), 1mM 
nonessential amino acid (Invitrogen), and 5× 10-5 mol/l β-mercaptoethanol (Sigma). Cells 
were switched to differentiation media after four days. To initiate differentiation, cells were 
cultured for 4-5 days in α-minimum essential medium (α-MEM; Cellgro), 10% FBS 
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(Cellgro), and 5 × 10-5 M β-mercaptoethanol. CD31+/CD45- cells were isolated using 
standard immunomagnetic techniques (MACS, Miltenyi Biotech). On day 5, the single-cell 
suspension from differentiated culture was incubated with CD45- FITC mAb (BD 
Bioscience) and CD31-PE mAb (BD Bioscience). The CD45+ hematopoietic population was 
removed from the rest of cell population using anti-FITC beads (MACS, Miltenyi Biotech), 
and LD depletion columns (MACS, Miltenyi Biotech). Next, the CD45- cell fraction was 
labeled with anti-PE beads (MACS, Miltenyi Biotech). Finally, CD31+ cells were isolated 
from the CD45- cell fraction using LS positive selection columns (MACS, Miltenyi Biotech). 
The isolated mouse ESC-derived ECs (ESC-derived CD31+/CD45- cells) were plated on 
fibronectin coated dishes (Metallo et al., 2008). After 4-5 days some individual cells with 
non-endothelial morphology were removed from the growing sheets using cloning cylinders 
(sigma). 
Application of Cyclic strain:   
The hemodynamics of mouse embryo has been quantitatively measured during early 
organogenesis (Jones et al., 2006, Jones et al., 2004). According to data obtained from mouse 
embryos a heart rate ranging from about 80 to 100 beats/min. and a low pressure level of 1-2 
mmHg have been detected. In addition, it has been rported that the exposure of embryonic 
and mature cells to cyclic strain displays the maxium effect at 10% stretch in different cell 
applications including:  FLK-1+ cells number increase in response to cyclic strain, peaked at 
8-11 % strain (Shimizu et al., 2008); cyclic strain s gnificantly increased the capillary area in 
embryoid bodies indicating stimulation of vasculogenesis/angiogenesis with maximum 
effects at 10% (Chien, 2007); and  stress fibers orientation  became almost totally 
perpendicular at 10% uniaxial strain (Schmelter et al., 2006). From theses reports it is well 
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established to use a frequency of 1 Hz  and cyclic strain of 10%  in  cyclic strain studies as 
we have done in the present study.  
CD31+/CD45- cells were seeded on flexible silicone membranes subjected to controlled 
levels of cyclic strain with a uniaxial mechanical strain-loading device and examined for 
changes in expression of EC and SMC lineage markers. Briefly, fibronectin-coated silicon 
membranes (0.01”NRV G/G 40D, SMI) were secured in a ch mber designed and built by Dr. 
Shunichi Usami. As depicted on Fig. 3.1, one end of the chamber was firmly attached to the 
fixed frame, and the other end of the chamber was att ched to the movable frame connected 
to a motor-driven shaft. The amplitude and frequency of stretching were controlled by a 
programmable motor derive, and cyclic strain in the 10–11% range with 1 Hz was used for 
the study. The silicon membranes were uniaxially stretched in an incubator and the strain was 
uniform over the entire membrane area.(Kaunas et al., 2005)  
                   
                    
Figure 3.1: Top (A) and side (B) views of a stretch chamber and indenter to illustrate the 
principle of cell stretching. An I-shaped teflon indenter pushed up against a silicone rubber 
membrane secured to a square frame results in a principal stretch oriented along the long axis 
of the indenter. The small tension generated in the orthogonal direction is opposed by the 
tendency for the membrane to compress orthogonal to the principal stretch direction. The 
extensions at the corners of the indenter increase the uniformity of the strain field over the 
indenter, resulting in a virtually uniaxial stretch. Cells were seeded in the central 4×4-cm 




Tight junction protein localization after cyclic strain: To assess the effect of cyclic strain 
on tight junction localization and integrity, ESC-derived EC were exposed to 10% stretch at a 
frequency of 1 Hz for 8h. Then cells were immunostained for tight junction protein ZO-1, 
and the stained junctions were compared to their sta ned static controls. CD31+/CD45- cells 
were fixed in 2% paraformaldehyde for 10 min. The fixed cells were permeabilized for 10 
min in PBS containing 0.2% Triton X-100 (sigma), blocked for 1h in PBS containing 10% 
bovine serum albumin (BSA) and 0.1% TritonX-100. Next, cells were incubated with 
primary antibody, ZO-1 (1:200, Zymed) for 3h at room temperature. After washing 5X with 
PBS cells were incubated with secondary antibody, Alexa Fluor 488 (2:500, Invitrogen) for 
1h at room. For nucleus counter staining, cells were incubated with DAPI (1:2000, 
Invitrogen).  
Heparinase III treatment: To degrade the cell surface HSPG prior to cyclic strain, 20 
mU/ml Heparinase III (Sigma chemical) was directly added to growth media. Cells were 
incubated for 2h at 37°C. The stretch media consisted of culture growth media with 5% FBS 
and 0.5% BSA supplemented either with or without 20mU/ml Heparinase III (Sigma 
chemical). The applied cyclic strain was 10% at a frequency of 1 Hz, and the exposure time 
was 8 h. The enzyme concentration used in this work is sufficient to remove the HS without 
damaging the cells as shown for mature and embryonic EC (Nikmanesh et al., 2012, Pahakis 
et al., 2007). 
Quantitative RT-PCR 
Total RNA from strained and static as well as Heparinase III treated, RGDS treated,  
syndecan-4 knock down, and untreated cells were harvested using the following protocol as 
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previously described (Nikmanesh et al., 2012) .  ESC- derived EC were lysed through 
incubation with TRIzol LS Reagent for 3-5min (Invitrogen). To remove any insoluble 
materials, the cell suspension was centrifuged for 15 min at 13,000×g and 4°C. Chloroform 
was added for phase separation followed by RNA isolation using the Purelink RNA Mini Kit 
(Invitrogen). RNA samples were then converted to cDNA by reverse transcription (RT) 
reaction. Reverse transcription was performed in a total volume of 25µl containing Absolute 
Blue QPCR SYBR Green ROX Mix (Thermo Scientific), cDNA, and specific primer pairs. 
Target cDNA was amplified as follows: initial denaturing at 95°C for 15 min, followed by 
denaturation for 45 cycles of 20sec at 95°C, 30 second at 55°C for annealing, and 30 seconds 
at 72°C for elongation. The fluorescent data were colle ted at 80°C. Primer sequences for 
mouse genes are listed in Table 3.1. Gene expression was calculated using the DDCt method. 
 
Table 3.1. Primer sequences for mouse genes.  
Gene Forward primer (5' to 3') Reverse primers (5' to 3') 
PDGFB ACCATCGGCTGCCGTGTTCC GAGCCCACGCGAGCATCCAC 
PDGFR CCAGGTGCCCTGGCAAGAAGC TCCTCGGAGTCCATAGGGAGGAA GT 
SMα-actin CAGTCGCTGTCAGGAACCCTGA ATGGGAAAACAGCCCTGGGAG C 
SM MHC GCTGCACAACCTGAGGGAGCG CTGTAGACTGTGTCGGCAATGG CA 
TGFβ ACCAACTATTGCTTCAGCTCCAC GTGTGTCCAGGCTCCAAATATAGG 
PECAM1 TCCCTGGGAGGTCGTCCAT GAACAAGGCAGCGGGGTTTA 
VE-cadherin TCCTCTGCATCCTCACTATCACA GTAAGTGACCAACTG CTCGTGAAT 
vWF GCTTGAACTGTTTGACGGAGAGG TGACCCAGCAGCAGGATGAC 
ZO-1 GGAGCTACGCTTGCCACACT GGTCAATCAGGACAGAAACACAGT 
OCLD ATCCTGTCTATGCTCATTATTGTG CTGCTCTTGGGTCTGTATATC C 
CLD5 TAAGGCACGGGTAGCACTCA GCCCAGCTCGTACTTCTGTG 
eNOS CACCAGGAAGAAGACCTTTAAGGA  CACACGCTTCGCCATCAC 
ET1 TTCCCGTGATCTTCTCTCTGCT TCTGCTTGGCAGAAATTCCA 
COX2 TTCAAAAGAAGTGCTGGAAAAGGT GATCATCTCTACCTGAGTGTC TTT 
Syndecan-4 CCCTTCCCTGAAGTGATTGA    AGTTCCTTGGGCTCTG AGG 
GAPDH CGTGCCGCCTGGAGAAACC TGGAAGAGTGGGAGTTGCTGTTG 
 
Tetra peptide RGDS treatment 
 54 
To investigate the effects of the integrin-blocking peptide RGDS (Arg-Gly-Asp-Ser), 
containing the RGD-binding motif present in fibronectin, or RGES (control peptide) on ESC- 
derived EC prior to cyclic strain, 150µg/ml RGDS or RGES (Sigma chemical) was directly 
added to growth media. Cells were incubated for 2 h at 37°C. The stretch media consisted of 
culture growth media with 5% FBS and 0.5% BSA supplemented either with or without 
150µg/ml RGDS or RGES (Sigma chemical). The applied cyclic strain was 10% at a 
frequency of 1 Hz, and the exposure time was 8 h. The soluble peptide concentration used in 
this work is sufficient to block the integrin bindig sequence within extracellular matrix 
fibronectin, without damaging the cells (Dekkers et al., 2010). 
 
siRNA transfections  
Cells were transfected with small interference RNA (siRNA) targeting syndecan-4 core 
protein (Sigma-Aldrich). CD31+/CD45- cells were seeded on fibronectin coated silicone 
membranes, at a cell density of 50-60%, 24 h before transfection. siRNA or Universal 
Negative Control (a nonspecific small interfering RNA) (Sigma-Aldrich) were diluted in 
serum-free medium; next Mission siRNA Transfection Reagent (Sigma-Aldrich) was added 
to cells following the manufacturer’s instruction. After 48-72 h of transfection cells were 
briefly rinsed and exposed to 10% strain at a frequency of 1 Hz, for 8 h. 
Integrin activation  
The functional activation of integrin correlated to changes in its subunit conformations in 
particular the β subunit, which can be revealed by using a conformation-dependent antibody. 
ESC- derived EC were exposed to cyclic strain of 10% at a frequency of 1 Hz, for 30-35 min. 
Next, activated β1 integrin was detected by using HUTS-4 (2.5 ug/ml, chemicon 
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international), followed by Alexa Fluor 488 goat anti-mouse IgM (1:500).  For nucleus 
counter staining, cells were incubated with DAPI (1:2000, Invitrogen). The images were 
acquired by using fluorescent light microscopy, and the LSM 510 confocal laser scanning 
system. 
Data Analysis  
All the experiments were run independent of each other.  Each individual set of experiments 
was normalized to its own control before averaging. Therefore, there are no error bars 
associated with the control groups in the results figures. Results are presented as mean ± 
SEM.  Data were analyzed for statistical significance using a Student’s t-test with a two-















IV.  Results 
Effect of cyclic strain on ESC-derived EC gene expression 
To examine the effect of cyclic strain on expression of smooth muscle cell and endothelial 
cell specific markers, ESC-derived EC cultured on flexible silicon membranes were 
subjected to 10% stretch at a frequency of 1 Hz  for 8h. The mRNA levels were measured by 
RT-qRCR and are shown in Figures 3.2 and 3.3.  
Cyclic strain significantly reduced the mRNA level of the smooth muscle cell specific 
markers: PDGFB and α-SMC, while it didn’t alter the expression of PDGFR. Although SM-
MHC expression decreases, the decrease was not statis ically significant. The expression of 
PDGFB and α-SMC genes were downregulated 55% and 62% respectively. We also 
























Figure 3.2:  ESC-derived EC response of SMC specific genes aftr exposure to cyclic strain 
(10% stretch, 1HZ for 8h). Relative gene expression (gene/GAPDH) was measured by qPCR 
and normalized to its own static control case. mRNA level of smooth muscle cells markers, 
PDGFB and α-SMC, were significantly reduced, while it didn’t alter the expression of 
PDGFR ; no significant change in expression of SM-MHC was observed. The TGFβ gene 
expression was down regulated as well. Solid line represents the unstrained static control. *P 
< 0.05 compared to unstrained (static) control (n =5-6) 
 
Cyclic strain significantly reduced the mRNA level of the endothelial cell markers: PECAM-
1, VE-cadherin, and vWF. The expression of these genes was downregulated by 67%, 43%, 
31% respectively. We also investigated the response of tight junction molecules at the 
mRNA level. Our data shows ZO-1, OCLD, and CLD5 mRNA levels were significantly 
downregulated to 38%, 42%, and 42% respectively. Cyclic strain also altered the mRNA 
level of vasoregulatory genes. The expression of the vasodilatory gene, eNOS, and the 
vasoconstrictive gene, ET1, significantly decreased (40% and 45% respectively), while the 










































These results led us to test our hypotheses concerni g the role of integrin and apical 
glycocalyx components as well as the basal HSPG, SDC4, in cyclic strain regulated 











Figure 3.3:  ESC-derived EC response of EC specific genes after exposure to cyclic strain 
(10% stretch, 1HZ for 8h). Relative gene expression (gene/GAPDH) was measured by qPCR 
and normalized to its own static control case. mRNA level of endothelial cells markers: 
PECAM-1, VE-cadherin, and vWF, were significantly decreased. From the tight junction 
group, the mRNA levels of ZO-1, OCLD, and CLD5 were significantly downreguated.  
Cyclic strain significantly modulated the expression f vasoregulatory genes. The mRNA 
expression of eNOS and ET-1 were significantly decreased, while the expression of COX2 
was not effected.  Solid line represents the unstrained static control. *P < 0.05 compared to 





























































Effect of cyclic strain on tight junction protein, ZO-1  
To demonstrate that the effect of cyclic strain on protein expression is consistent with gene 
expression of a junctional protein, and also  to shw the effect of stretch on EC morphology 
in this cell phenotype, ESC-derived EC were subjected to 10% stretch at a frequency of 1 Hz 
for 8h. Following application of cyclic strain, we observed that the fluorescent intensity of 
ZO-1 at cell–cell borders decreased (Fig. 3.4), indicating a decrease in ZO-1 expression in 
these areas consistent with gene expression (Fig. 3.3) Furthermore, we noticed a mild 
elongation and alignment of some ESC-derived EC perpendicular to the direction of stretch, 
a characteristic of endothelial behavior  (Sai et al., 1999, Kaunas et al., 2006, Katoh and 
Noda, 2012) (Fig. 3.4). 
 
ZO-1 Staining:      Control                                             Stretched 8h ( direction of stretch) 
 
 
Figure 3.4: Immunofluorescence staining for ZO-1 in ESC-derivd ECs before (panel A) and 
after (panel B) exposure to cyclic strain (10% stretch, 1HZ for 8h). This figure shows that 
cyclic strain decreased the expression of ZO-1 at cell borders. In addition, it shows a mild 
elongation and alignment of some ESC-derived EC cells perpendicular to the direction of 
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ESC-derived EC surfaces contain heparan sulfate proteoglycan and Heparinase III 
selectively degrades the targeted glycosaminoglycan 
In our previous work (Nikmanesh et al., 2012) by applying immunostainning for heparan 
sulfate, we were able to show that ESC-derived EC surfaces contain heparan sulfate 
proteoglycan and that treatment with heparinase III (enzyme that digests heparan sulfate) 
significantly reduces the overall expression of heparan sulfate (Fig. 2.5). In addition we were 
able to demonstrate that heparinase III is glycosaminoglycan specific and it selectively 

















The role of HSPG in cyclic strain-induced ESC-derived EC gene expression 
To examine whether HSPG plays a role in cyclic strain modulation of ESC-derived EC, we 
repeated our stretch experiment series after cleavage of HSPG with heparinase III. The ESC-
derived EC were exposed to cyclin strain (10%, 1Hz) for 8 hours. As shown in Figure 3.5, 
strain-induced suppression of PECAM-1, VE-cadherin, vWF, ZO-1, OCLD, CLD5, and 
eNOS were abolished after removal of HSPG, while recov ry of the strain-induced 
suppression of ET-1 was not significantly affected. We did not detect any difference in 












Figure 3.5:  ESC-derived EC gene response to cyclic strain (10% stretch, 1HZ for 8h) after 
treatment with heparinase III (20 mU/ml). Relative g ne expression (gene/GAPDH) was 
measured by qPCR and normalized to its own static control case prior to enzyme treatment. 
Heparinase III increased the base line gene expression of ZO-1 and CLD5 compared to their 
untreated counterparts. The strain-induced suppression of PECAM-1, VE-cadherin, vWF, 
ZO-1, OCLD, CLD5, and eNOS were abolished after removal of HSPG, while the strain-
induced suppression of ET-1 was not significantly affected. There was no significant change 
















































control case. Solid line represents the unstrained static control. *P < 0.05 compared to 
unstrained control (ctrl); #P < 0.05 compared to untreated strained (stretch) (n = 4-7). 
 
The role of Integrins in cyclic strain-induced ESC-derived EC gene expression 
To investigate whether integrins serve as a mediator n cyclic strain-induced responses in 
ESC-derived EC, we repeated our uniaxial cyclic strain experiment series after incubation 
with RGDS peptide (integrin blocker) or RGES (contrl peptide). The ESC-derived EC were 
exposed to cyclin strain (10%, 1Hz) for 8 hours. Upon exposure to cyclic strain, we observed 
that the stretch-induced suppression of PECAM-1, VE-cadherin, CLD5, and ET-1 were 
abolished after blockage of integrin with RGDS, while the strain-induced suppression of ZO-
1, and OCLD were not affected. Strain-induced suppression of vWF and eNOS were 
diminished significantly, but they were not abolished. We did not detect any difference in 
COX2 gene expression between static and cyclic strained cells treated with RGDS.  
Furthermore, the gene expression of cells incubated with RGES control peptide showed no 






















Figure 3.6:  ESC-derived EC gene response to cyclic strain (10% stretch, 1HZ for 8h) after 
treatment with RGDS peptide or RGES control peptide (150µg/ml). Relative gene expression 
(gene/GAPDH) was measured by qPCR and normalized to its own static control case prior to 
peptide treatment. The strain-induced suppression of PECAM-1, VE-cadherin, CLD5, and 
ET-1 were abolished after blockage of integrin with RGDS, while the strain-induced 
expression of ZO-1, OCLD, and eNOS were not affected. Strain-induced expression of vWF 
diminished significantly. There was no significant change in COX2 expression with respect 
to the RGDS treated strained case, or the untreated static control case. Treatment with RGES 
control peptide showed no significant difference from untreated counterpart controls. Solid 
line represents the unstrained static control. *P < 0.05 compared to unstrained control (ctrl); 
#P < 0.05 compared to untreated strained (stretch) (n = 3-7). 
 
The role of syndecan 4 in cyclic strain-induced ESC-derived EC gene expression 
To show the transfection efficacy of siRNA to knockdown syndecan-4, we measured the 
relative gene expression of syndecan-4 in knockdown ESC-derived EC cells and compared to 
untreated control and universal negative control. Figure 3.7 shows that syndecan-4 has been 



















































































Fig. 3.7:  The transfection efficacy of siRNA to knockdown syndecan-4 was evaluated. 
Relative gene expression (gene/GAPDH) of syndecan-4 in knockdown ESC-derived EC cells 
was measured by qPCR and compared to untreated control a d universal negative control.  
Solid line represents the untreated control. *P < 0.05 compared to untreated control (n = 4). 
 
To assess whether syndecan-4 serves as a mediator in cycl c strain-induced responses in 
ESC-derived EC, we repeated our uniaxial cyclic strain experimental series after silencing 
Syndican-4 gene expression by siRNA. The ESC-derived EC were exposed to cyclic strain 
(10%, 1Hz) for 8 hours. As shown in Figure 3.8, upon exposure to cyclic strain, we observed 
that the strain-regulated suppression of PECAM-1, VE-cadherin, vWF, and CLD5 were 
abolished after silencing syndecan-4 gene, while the s rain-modulated suppression of ZO-1, 
OCLD, and ET-1 were not affected. In addition, strain-induced inhibition of eNOS 
diminished significantly. Furthermore, we observed that the gene expression of COX2 in the 
static state (control with SCD4 knockdown) decreased significantly and cyclic strain further 



























































Figure 3.8:  ESC-derived EC gene response to cyclic strain (10% stretch, 1HZ for 8h) 48-72 
h after silencing syndecan-4 gene.  Relative gene expression (gene/GAPDH) was measured 
by qPCR and normalized to its own static control case prior to syndecan-4 knockdown. The 
strain-induced expression of PECAM-1, VE-cadherin, vWF, CLD5 and ET-1 were abolished 
after silencing syndecan-4 gene, while the strain-regulated expression of ZO-1, and OCLD 
were not affected. In addition, strain-modulated expr ssion of eNOS diminished 
significantly. The gene expression of COX2 in the static state with SDC4 knockdown 
decreased significantly and cyclic strain decreased th  expression level of this gene  even 
further. Treatment with universal negative control showed no significant difference from 
untreated counterpart controls. Solid line represents the unstrained static control. *P < 0.05 
compared to unstrained control (ctrl); #P < 0.05 compared to untreated strained (stretch) (n = 
3-7). 
 
The role of syndecan 4 in cyclic strain-induced ESC-derived β1 integrin activation 
It is known that integrin activity is changed by chemical stimuli that directly interact with its 
extracellular domain, such as Mn2+ (Luo and Springer, 2006). Mechanical stimuli such as 









































































functional activation of integrins correlated to changes in their subunits conformation, in 
particular the β subunit. To examine whether syndecan-4 plays a role in cyclic strain 
modulation of ESC-derived EC β1 integrin activation, we repeated our uniaxial cycli  strain 
experimental series before and after silencing syndecan-4, and determined whether there was 
a conformational change in β1 subunit using a conformation sensitive antibody. The 
untreated ESC-derived EC were exposed to cyclic strain (10%, 1Hz) for 35 minutes. As 
shown in Figure 3.9A, at time zero we did not detect any fluorescent signaling indicating 
there is no activation of β1 integrin. Upon exposure to cyclic strain for 35 minutes, we were 
able to detect some fluorescent intensity indicating he activation of β1 integrin (Fig. 3.9B). 
Figures 3.9C and 3.9D show the confocal images of the β1 integrin activation after 35 
minutes of exposure to cyclic strain with enhanced d tails. The knockdown syndecan-4 ESC-
derived EC did not show any fluorescent intensity eher at time zero, Figure 3.9E, or after 
exposure to cyclic strain for 35 minutes, Figure 3.9F,  indicating no activation of β1 integrin 














                        
Figure 3.9: Immunofluorescence staining for β1 integrin activation in ESC-derived ECs 
before and after silencing Syndecan-4 gene expression at static condition or after exposure to 
cyclic strain (10% stretch, 1HZ for 35 mins). Panel (A) presents the untreated (non-
transfected) cells at time zero; cells show no activ tion for β1 integrin. Panel (B) shows that 
the untreated (non-transfected) cells after 35 min exposure to cyclic strain have activated β1 
integrin. ). Panel (C) and (D) show enhanced confocal images of the β1 integrin in (B). The 
syndecan-4 knockdown cells did not show any activation of β1 integrin either at time zero, 
panel (E), or after exposure to cyclic strain for 35 minutes, panel (F) (n=4).    
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The role of Integrin in cyclic strain-induced ESC-derived EC syndecan-4 gene 
expression 
To examine whether integrin plays a role in cyclic strain modulation of ESC-derived EC 
syndecan-4 gene expression, we repeated our uniaxial cyclic strain experiments after 
incubation with RGDS peptide (integrin blocker) or RGES (control peptide). The ESC-
derived EC were exposed to cyclin strain (10%, 1Hz) for 8 hours. As shown in Figure 3.10, 
upon exposure to cyclic strain, we were not able to detect any change in syndecan-4 














        
 
 
 Figure 3.10:  ESC-derived EC gene response of syndecan4, to cyclic strain (10% stretch, 
1HZ for 8h) after treatment with RGDS peptide or RGES (150µg/ml). Relative gene 
expression (gene/GAPDH) was measured by qPCR.  Treatment with RGDS blocking peptide 
or RGES control peptide showed no significant difference from their untreated counterpart 
control and stretched cases. *P< 0.05 compared to untreated control; # P< 0.05 compred to 
















































V.  Discussion 
Part 1 SMC/EC  
As the fetal heart begins to beat, the vasculature starts to experience cyclic strain and 
associated stress in addition to fluid wall shear stres .  Endothelial cells are constantly 
subjected to cyclic strain in the circumferential direction due to the pulsatile changes in blood 
pressure. In adult cells, the vascular walls are continually adapted to local mechanical 
stresses through remodeling (Martinez-Lemus et al., 2009). Yet, most studies on vascular 
embryonic stem cells and endothelial remodeling have focused on the role of shear stress 
alone and the role of cyclic stretch on endothelial cells has not been elucidated in detail.  
Kinetic analysis of endothelial development in vitro revealed a sequential up-regulation of 
the following cell markers correlated to the development and maturation of the EC lineage 
Flk-1(day 3), CD31 (day 4), tie2 (day4), tie1 (day 5), and VE-cad (day5)  (Vittet D et al., 
1996). This developmental pattern is similar to what s been observed in the early embryo 
suggesting that development of the endothelial lineage in vitro restates its development in 
vivo (Keller G, 2005). 
Important evidence that shows the fidelity of the FLk-1+ cell population comes from the 
study of Yamashita et al. (Yamashita et al., 2000) who showed that the FLk-1+ cell 
population has the capability to generate both vascul r endothelial cells and mural cells 
(pericytes and vascular smooth muscle (VSM) cells). In addition, it has been shown that 
cyclic strain induces FLK-1+ mESC differentiation into vascular smooth muscle cells 
(Shimizu et al., 2008, Wang H et al., 2005) Investigating undifferentiated human embryonic 
stem cells, Saha et al. (Saha et al., 2006) showed that under biaxial strain, hESC 
differentiation was inhibited and self-renewal was promoted, as measured by an increase in 
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Oct4 expression. Transcription factor Oct4, plays a key role in the maintenance of an 
undifferentiated state (self-renewal) and pluripotency of human and mouse embryonic stem  
cells (Kellner and Kikyo, 2010). On the other hand, Chowdhury et al. (Chowdhury et al., 
2010) have reported that local cyclic stress via focal adhesions on a single mESC resulted in 
down regulation of Oct3/4 gene expression and interes ingly, this effect promoted cell 
differentiation 
In the present study we used CD31+/CD45- cells and the flow cytometry analysis confirmed 
that more than 96.7% of cells were  CD31+/CD45- (Nikmanesh et al., 2012). Our results 
show that cyclic strain decreased the gene expression of the smooth muscle cell markers, 
PDGFB and α-SMC, while it didn’t alter the expression of PDGFR and SM-MHC (Fig. 3.2). 
We need to remember that the Flk-1+ cell population has the potential to become EC or SMC 
cells, however, the CD31+ cell population has lost commitment to the SMC lineage and have 
potency to become endothelial or hematopoietic cells only. By subtracting the CD45+ cell 
fraction from the rest of the cell population we have EC precursor cells alone. Our gene 
expression data is consistent with kinetic analysis of endothelial development and can 
explain why the CD31+/CD45- cells, even after exposure to cyclic strain, don’t e hance SMC 
markers.  
It has been reported that TGFβ is an important growth factor that contributes in maintaining 
ESCs in an undifferentiated state (Ludwig et al., 2006). Most recently, Saha et al. (Saha et 
al., 2008) demonstrated that the influence of cycli strain appeared to upregulate the TGFβ 
pathway, whereas inhibition of TGFβ stimulated differentiation in hESCs. In addition, it has 
been shown that TGFβ promotes SMC differentiation from embryonic stem cells or 
mesenchymal stem cells (Zhang et al., 2009, Gong and Niklason, 2008). Our data shows 
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reduction in TGFβ expression at the gene level (Fig. 3.2) which suggests that our  
CD31+/CD45- cell population has no machinary to allow it to revert back to a more naïve 
undifferentiated state or to the SMC phenotype. This result further strengthens the evidence 
for commitment of the CD31+/CD45- cell population to endothelial cells.  
Next we showed that cyclic strain also decreases th expression of vascular endothelial cell-
specific marker genes, tight junction protein genes, and vasoregulatory genes (Fig. 3.3). We 
were not able to find any previous studies to show the response of embryonic stem cell 
derived EC or EC progenitor cells to cyclic strain. Our results for vascular endothelial cell-
specific marker genes (vWF, VE-cadherin, PECAM-1) are supported by a few studies using 
human umbilical vein endothelial cells, and adult endothelial cells. For example, it has been 
reported that uniaxial cyclic strain decreases the expression of EC markers (vWF and VE-
cadherin) in HUVECs at the gene level (Shojaei et al., 2015).  In addition, work by (Amaya 
et al., 2015) on bovine aortic endothelial cells (BAECs) also demonstrated that cyclic stretch 
in combination with pulsatile shear stress downregulated VE-cadherin at gene level. 
However, Shimizu et al (Shimizu et al., 2008) have reported that cyclic stretch had no effect 
on the expression of EC markers (PECAM1 and VE-cad) in mESC- derived FLK-1+ cells at 
the gene level. Thus there appear to be a distinct difference in the response to cyclic strain 
between FLK-1+ cells and CD31+/CD45- cells. 
We report that cyclic strain significantly decreases the gene expression of tight junction 
proteins (ZO-1, OCLD, CLD5). We could not find any previous studies of cyclic strain on 
tight junction proteins in stem cells or progenitor cells. In adult endothelial cells, it has been 
reported both synchronous and asynchronous shear str ss and circumferential strain reduced 
ZO-1 gene expression (Amaya et al., 2015, Berardi an  Tarbell, 2009). In addition, Amaya et 
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al. (2015) demonstrated that under synchronous shear stress and circumferential strain, there 
was no significant change in OCLD gene expression. 
We showed that cyclic strain down regulates vasoactive genes (eNOS, and ET1), while we 
did not detect any significant change in COX-2 exprssion.  Toda et al. (Toda et al., 2008) 
reported that exposure of HUVECs to cyclic strain resulted in upregulation of ET1 and there 
was no difference in eNOS gene expression. In addition, they demonstrated that a 
combination of shear stress and cyclic strain enhanced gene expression of eNOS, and no 
significant change occurred in ET1 gene expression.  Furthermore, work by Amaya et al. 
(Amaya et al., 2015) on BAECs showed that cyclic stretch in combination with pulsatile 
shear stress upregulated eNOS and COX2 at gene level and no significant change occurred in 
ET1 gene expression. The differences in the observations of the above studies could be the 
result of different cell types (mature versus embryonic) and different modes of mechanical 
stimulation (strain by itself and strain in combinat on with shear). 
 Our previous study showed that shear stress induces endothelial differentiation of CD31+ 
/CD45- cells (Nikmanesh et al., 2012). Our present data show  that cyclic strain decreases the 
expression of endothelial markers.  Integrating these studies, it is apparent that cyclic strain 
and shear stress have different effects on EC differentiation. It has been suggested that 
application of mechanical forces that simulate cellexperience in vivo enhances functionality 
of differentiated cells (Shojaei et al., 2015). In the physiological state of embryonic 
development, endothelial progenitor cells experience the influence of shear and strain 
together while growing and eventually becoming mature endothelial cells. Although the 
nature of this behavior is yet to be fully elucidated, the integration of the effects of both of 
these forces studied separately might provide some clues. It has been shown that shear stress 
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enhances the EC markers and promotes embryonic stem cells differentiation toward ECs 
(Yamamoto K, 2005). In addition, it has been shown that cyclic strain upregulates SMC 
markers in embryonic stem cells (Shimizu et al., 2008). Furthermore, co culturing SMC with 
EC enhances EC makers, at mature and embryonic stages respectively (Seongwoo B., 2016, 
Williams and Wick, 2005).Also, it has been shown that physiological levels of cyclic strain 
are capable of inhibiting endothelial cell apoptosis (Kou et al., 2009, Liu et al., 2003). Thus it 
is possible that the inhibitory effect of cyclic strain on endothelial progenitor cells, as we 
have observed, is necessary to control growth and development of endothelial progenitor 
cells into mature and functional endothelial cells. There is always an integration of inducing 
and inhibiting forces and factors which precisely regulates growth of developing embryonic 
cells and tissues at different stages of embryogenesis.  
Even though these studies have demonstrated effects of yclic strain on ESC modulation, the 
underlying mechanisms of this process are unknown. Thus there is a need for hypotheses to 
explain the underlying mechanisms of ESC response to cyclic strain. 
Part 2 HSPG 
After cleavage of HSPG the strain-induced reduction on PECAM-1, VE-cadherin, vWF, ZO-
1, OCLD, CLD5, and eNOS gene expression were abolished, while the strain-induced 
suppression of ET-1 was not significantly affected. We did not detect any difference in 
COX2 gene expression between static and stretched cells treated with heparinase III (Fig. 
3.5).  This indicates that the strain-induced respon es of PECAM-1, VE-cadherin, vWF, ZO-
1, OCLD, CLD5, and eNOS are dependent on HSPG, while t e strain-induced effect on ET-1 
expression is independent of HSPG. It has been reported that heparan sulfate proteoglycan is 
critical for FGF4 signaling in order to induce embryonic stem cell differentiation (Lanner et 
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al., 2010). In addition, Medeiros et al. (Medeiros et al., 2012) in a study using endothelial 
cells from rabbit thoracic aorta revealed  that theup-regulation of HSPG synthesis in 
endothelial cells induced by heparin is dependent on he interaction between heparin and 
integrin and that treatment of the integrin with RGDS blocking peptide abolished the induced 
effect. Furthermore, Lim et al. (Lim et al., 2015) reported that cell surface heparan sulfate 
proteoglycans control adhesion and invasion of human breast carcinoma cells.  They 
demonstrated that exogenous heparan sulfate promoted cell spreading, focal adhesion and 
adherent junction formation with concomitantly reduced matrix degradation and invasion of 
breast carcinoma cells. They further reported that t e insuring junction formation of cells was 
dependent on syndecan-4 core proteins. These studie confirm that the critical role of HSPG 
is not limited to the apical surface of the cells and it is evident that the basal membrane and 
focal adhesion complex where integrin and syndecan-4 co localize may be involved.  
Part 3 Integrin  
Integrins are a superfamily of plasma membrane proteins which play a key role for cell-cell 
and cell-extracellular matrix interaction. They are important in modulating various cellular 
processing including, cell adhesion, differentiation, angiogenesis, migration, and wound 
healing (Li et al., 2009, Hynes, 2002). Integrin α5β1 is a specific receptor for fibronectin, that 
has been reported to play an important role in the development of the vascular system during 
embryogenesis(Serini et al., 2006, Li et al., 2009). In addition, Kim et al. (Kim et al., 2000) 
reported that fibronectin and integrin α5β1 were upregulated in tumor-induced 
neovascularization, We observed that the stretch-induced supression of PECAM-1, VE-
cadherin, vWF, CLD5, and ET-1 were abolished after blockade of integrins with RGDS 
peptide, while the strain-induced supression of OCLD, and eNOS were not affected (Fig. 
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3.6). While, strain-induced suppression of vWF diminished significantly, it didn’t have a full 
recovery. We were not able to detect any difference i  COX2 gene expression between static 
and stretched cells incubated with blocking peptide. These results indicate that the strain-
induced responses of PECAM-1, VE-cadherin, vWF, - CLD5, and ET-1, are dependent on 
integrin as a mechanotransducer, while the strain-induced effect on of OCLD, and eNOS 
expression is independent of integrin. Our results in showing integrins as 
mechanotransducers is supported by other studies using stem cells and adult endothelial cells. 
For example, Sasamoto, et al (Sasamoto et al., 2005) reported that the inhibition of α5β1 by 
blocking peptide abolished the uniaxial stretch-induced effect on interleukin-6 secretion in 
endothelial cells. Du et al.  (Du et al., 2011) identified integrins as mechanotransducers of 
stretch force caused by extracellular matrix elasticity n bone marrow mesenchymal stem cell 
differentiation. They also demonstrated that the intracellular localization of β1 integrin varied 
with ECM substrate elasticity, β1 integrin being present primarily in the cortical region on 
stiff ECM substrate, yet mainly in the cytoplasm part of cells when they were seeded on soft 
ECM substrate. In addition, it has been reported that cyclic stretch induces Src tyrosine 
kinase activation of molecules localized to the integrins, and this appears to be central to 
signal transduction pathways and changes actin organization in HUVECs (Katanosaka et al., 
2008). 
Part 4 syndecan-4 
Syndecans are transmembrane heparan sulfate proteoglycans that act as receptors for ECM 
molecules and coreceptors for cytokines and growth factors (Morgan et al., 2007, Morgan et 
al., 2013). The important evidence that supports a m jor role for Syndecan-4 in 
mechanotransduction comes from the study of Bellin t al. (Bellin et al., 2009) who showed 
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the role of syndecan-4 as a mechanotransducer for stretch in a single fibroblast cell that is 
independent of integrin-based attachments.  
After silencing syndecan-4 gene the strain-regulated suppression of PECAM-1, VE-cadherin, 
vWF, and CLD5 were abolished, while the strain-modulated expression of ZO-1, OCLD, and 
ET-1 were not affected. While, strain-induced suppression of eNOS diminished significantly, 
it had a partial recovery (Fig. 3.8). This indicates hat strain-induced suppression of PECAM-
1, VE-cadherin, vWF, CLD5 and eNOS are dependent on syndecan-4, while the strain-
induced effect on ZO-1, OCLD, and ET-1 expression is i dependent of syndecan-4. 
After silencing syndecan-4, we observed that the gene expression of COX2 in the static state, 
decreased significantly. In addition, cyclic strain decreased the expression level of COX2 
even further. On the other hand, the untreated cells exposed to cyclic strain display no 
significant change on COX2 gene expression. Furthermore, treatment with integrin blocking 
peptide, RGDS, or heparinase III did not affect on the gene expression of COX2 in both 
static and cyclic strain cases. This unique response of COX2 to cyclic strain and 
mechanotransducers indicates that the gene expression of COX2 is independent of cyclic 
strain, integrin and HSPG, while it is dependent on sy decan-4. Interestingly, Corti et al. 
(Corti et al., 2013) reported that Syndecan-4 plays  critical role in COX2/PGI2-induced 
angiogenesis in HUVECs, and silencing syndecan4 resulted in decreased expression of 
COX2/PGI2. Our COX2 gene expression data indicating he significant response of ESC-
derived EC after knockdown of syndecan-4 is consistent with this study. 
Baeyansa (Baeyensa and Thomas Z. Wangb, 214)et al. (2014) reported that silencing 
syndecan-4 inhibited shear-induced alignment in HUVEC, whereas it did not affect the cyclic 
strain-induced alignment in HUVECs. They showed that e syndecan-4 depleted cells were 
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elongated under cyclic strain even though the elongation had no preferred direction. In 
addition, they reported that they did not detect any difference in the endothelial glycocalyx 
structure after syndecen-4 knockdown. Their immunostainig work showed Heparan sulfate, 
the major proteoglycan component of syndecen-4, mostly localized on the basal side of 
HUVEC cells, and they reported that its organization and localization were not affected by 
silencing syndecan-4. Finally they concluded that teir observations argue against direct roles 
for the endothelial glycocalyx or heparan sulfate organization in sensing flow direction. We 
believe these results cannot argue against a direct role of HSPG in sensing mechanical 
stimuli. First, their heparan sulfate staining is not convincing: they don't show heparan sulfate 
on the apical side of the cells, which is different from most of the glycocalyx literature. This 
could be a result of issues in their immunostaining technique or choice of HUVECs as a cell 
type. Next, silencing syndecan-4 doesn't imply collapsing of the HSPG structure. Silencing 
the core protein can block the communication between xtracellular stimulus (sensing the 
shear stress) and intracellular response (cell alignment). Interestingly, Yao et al. (Yao et al., 
2007) clearly demonstrated that by enzymatic removal f the cell surface glycocalyx, 
endothelial cells no longer aligned under fluid shear stress. 
Part 5 syndecan /integrin 
The integrin superfamily regulates cell behavior at the ECM and focal adhesions by forming 
adhesive receptors. Integrins are distinctly characte ized by their ability to undergo changes 
in their ligand binding and signaling activities upon stimulation, which is usually associated 
with conformational changes in their subunits. We report that after syndecan-4 was knocked 
down, the cyclic strain-induced activation of β1 integrin was inhibited at the protein level 
(Fig. 3.9). On the other hand, the blockage of integrin with RGDS peptide did not increase 
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the cyclic strain-induced expression of syndecan-4 t the gene level (Fig. 3.10). These results 
indicate that syndecan-4 controls activation of β1 integrin in ESC-derived EC.  
 For the past two decades it has been recognized that the engagement of an integrin and a 
cell-surface proteoglyan (specifically, α5β1 integrin and syndecan-4) are crucial during cell 
spreading on fibronectin (Bloom et al., 1999, Woods et al., 1986). In particular, Couchman 
and Wood (Couchman and Woods, 1999) in their review article acknowledged that for many 
years integrin receptors have been recognized as a major component of adhesion processes, 
yet the potential role of the syndecan-4 HSPG in the adhesion of  cells to extracellular matrix 
is less well established. They also reported that integrin-mediated responses of cells can be 
modified by members of the syndecan family (Couchman and Woods, 1999, Woods and 
Couchman, 1998).   
 It has been reported that in mice fibroblast syndecan-4 regulates integrin activity by 
controlling the availability of α5β1 at the plasma membrane via a caveolar endocytosis 
pathway (Bass et al., 2011). In a more recent study, they showed that the phosphorylation of 
syndecan-4 determines whether α5β1 integrin recycles to the plasma membrane and promotes 
focal adhesion turnover or αvβ3 integrin level increases at the cell-ECM interface and 
stabilizes focal adhesions (Morgan et al., 2013). They suggested syndecan-4 as an essential 
control point that regulates integrin recycling, coordinates focal adhesion dynamics and cell 
migration. They further mentioned that the extent to which syndecans incorporate 
extracellular and intracellular stimuli to directly regulate integrin function has not been 
elucidated.  
In addition, Araky et al. (Araki et al., 2009) reported that a synthetic peptide, PEP75 which 
contains the syndecan-binding sequence of laminin protein, induced the clustering of 
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syndecan-4 in HaCaT (immortalized keratinocyte cells from human skin). Furthermore, they 
showed the clustered syndecan-4 modified integrin β1 conformation and enhanced β1 subunit 
activity. They suggested that the binding of soluble peptide, PEP75, to heparan sulfate GAG 
on syndecan-4 elevates the peptide concentration high enough to form clustered synecan-4 
which consequently triggers integrin β1 activation.  
Even though the above studies confirm different forms of the regulatory role for syndecan4 
on integrin in adult cells, our current study present the first evidence that in ESC-derived EC,  
syndecan-4 controls activation of integrin at the protein level while the engagement  of 
integin with ECM has no effect on syndecan-4 gene expression. It is important to mention 
that our data does not rule out any potential post translational modification on syndecan-4 
conformation caused by integrins. 
Recent studies by different groups have acknowledged th  effect of cyclic strain on ESC 
modulation. The current study presents the first evidence that HSPG, integrin, and syndecan-
4, as mechanosensors, can contribute to cyclic strain-induced regulation of ESC-derived EC. 
In the future it would be of great interest to study the role of mechanosensors HSPG, integrin, 
and syndecan-4, under the more physiologic mechanical environment of combined cyclic 








Chapter 4:  
Summary and future work 
The isolation of human ES cells (hES) in 1998 remarkably elevated interest in the cell 
therapy compass of ES cells and moved this concept one step closer to reality (Thomson et 
al., 1998). Embryonic stem cells with their potential for both self-renewal and directed 
differentiation have received increasing attention in applications in tissue engineering and 
repair, cell therapy, and regenerative medicine.  The differentiation of stem cells into 
endothelial lineage that must function in a dynamic environment depends on mechanical 
forces in addition to chemical factors. In order to develop functional endothelial cells from 
embryonic stem cells, we need to identify the imposed forces on the cells, demonstrate their 
effects and finally reveal the underlying mechanism for each force. 
 Integrating our results from chapter 2 and chapter 3 on ESC-derived EC we can summarize 
the behavior of nine genes of interest (PECAM-1, VE-cadherin, ZO-1, OCLD, CLD5, vWF, 
eNOS, ET1, and COX2) in response to different mechani al forces (shear stress or cyclic 
strain), and their corresponding mechanotransducers (HSPG, integrin, or syndecan-4) in 
Table 4.1 and Table 4.2 respectively.  
Table I. EC gene response to Shear Stress and Cyclic Strain 
Gene Expression Gene response to 
Shear stress 
Gene response to 
Cyclic Strain 
Gene response to Cyclic 
Strain in HUVEC and 
mature EC 
PECAM-1 increased decreased  
VE-cadherin increased decreased decreased (Shojaei et al.,2015) 
ZO-1 increased decreased decreased (Amaya et al.,2015) 
OCLD increased decreased no effect (Amaya et al.,2015) 
CLD5 no effect decreased  
vWF increased decreased decreased (Shojaei et al., 2015) 
eNOS increased decreased no effect (Toda et al., 2008) 
ET1 decreased decreased increased (Toda et al., 2008) 
COX2 increased no effect increased (Amaya et al.,2015) 
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Table I shows that shear stress enhanced the expression of all genes it affected, with the 
exception of ET1 which it reduced and OCLD which didn’t change, while cyclic strain 
suppressed the expression of all genes it affected, with the exception of COX2 which didn’t 
change. Table I also shows the effect of cyclic strain on mature endothelial cells and 
HUVECs gene expression as reference points. 













PECAM-1 independent dependent dependent dependent 
VE-cadherin dependent dependent dependent dependent 
ZO-1 dependent dependent independent independent 
OCLD independent dependent independent independent 
CLD5 independent dependent dependent dependent 
vWF dependent dependent Partially 
dependent 
dependent 




ET1 independent independent dependent independent 
COX2 dependent independent independent dependent 
 
 
Table II shows that the gene expression of three junctional components of ESC-derived EC 
(PECAM-1, VE-cadherin, and ZO-1) are dependent on HSPG as a mechanotrasducer of 
shear stress and cyclic strain, with the exception of shear-induced PECAM-1, OCLD, and 
CLD5 gene expression. Furthermore, the cyclic strain suppressed gene expression of 
PECAM-1, VE-cadherin and CLD5 are dependent on integrin and syndecan-4. While, the 
cyclic strain suppressed gene expression of ZO-1 and Occludin are not dependent on integrin 
and syndecan-4. Although the nature this behavior needs to be elucidated, there is a 
possibility that some genes like ZO-1 and OCLD would appear to be regulated by HSPG on 
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the apical aspect of the cell. The core proteins of apical HSPG that are linked to the cell may 
experience the strain induced by the cyclic strain pplied to the cell. Other genes like 
PECAM-1, VE-cad and CLD5 appear to be regulated by the basal focal adhesions (SDC-4 
/integrin).  
Our integrated results also indicate that the expression of vascular endothelial cell-specific 
marker vWF gene is dependent on HSPG as a mechanotrasducer of shear stress and cyclic 
strain and it is dependent on syndecan-4 and partially dependent on integrin as a 
mechanotrasducer of cyclic strain as well.  
In addition, our results demonstrate that the gene expression of eNOS is fully dependent on 
HSPG as a mechanotrasducer of shear stress and cyclic strain and interestingly it is partially 
dependent on syndecan-4 as a mechanotrasducer of cyclic strain.  It is possible that another 
HSPG core protein such as is glypican-1involved in the cyclic strain modulated effect.  At 
the post translational modified level, glypican-1 HSPG core protein is directly bounded to the 
plasma membrane, and it is capable of mediating the stretch-induced eNOS activation since 
glypican-1 is anchored to caveolae where eNOS is located. 
Furthermore, our results show that the expression of vasodilatory gene COX2 is affected by 
shear stress and HSPG is mediating the effect. On the other hand, the gene expression of 
COX2 is not affected by cyclic strain and it is independent of HSPG and integrins. In 
addition, our finding reveals that after silencing syndecan-4 in ESC-derived EC, the 
expression of COX2 is affected to cyclic strain, the mechanical force which initially was not 
able to trigger the COX2 gene expression. 
Finally, our data indicates that the expression of vasoconstrictive gene ET1 is shear stress 
and cyclic strain perceptive. However, its expression is independent of HSPG GAG and 
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HSPG core protein syndecan-4. It appears that among echanotrasducers we tested for these 
studies, ET1 gene expression is dependent on integri  alone as a mechanosensor. 
Recent studies by different groups have acknowledged th  effect of mechanical forces on 
ESC modulation. Our previous study presented the first evidence that HSPG as 
mechanosensors, can contribute to fluid shear stress-induced regulation of ESC-derived EC. 
The current study presents the first evidence that HSPG, integrin, and syndecan-4, as 
mechanosensors, can contribute to cyclic strain-induce  regulation of ESC-derived EC. 

























Figure. 4.1: Proposed model for ESC-derived EC gene response to shear stress and 
cyclic strain and the mechanotransducers which are involved in these mechanical 
forces. Integrating our results, we propose that on apical aspect of ESC-derived EC fluid 
shear stress triggers HSPGs, the major components of the endothelial glycocalyx. HSPGs 
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participate in mechanotransduction by transmitting he fluid shear stress through the HSPG 
core proteins into the cell where it is transduced to enhance EC gene expression. At the basal 
focal adhesions of ESC-derived EC cyclic strain triggers HSPG core protein syndecan-4 and 
integrins. These mechanosensores participate in mechanotransduction by transmitting the 
cyclic strain through the focal adhesions into the cell where it is transduced to suppress EC 
gene expression. Our results also indicate that the activation of β1 integrin in syndecan-4 
knockdown cells was inhibited. This finding suggests that syndican-4 has an upstream 
controlling role on integrin. 
 
Our previous study showed that shear stress induces endothelial differentiation of CD31+ 
/CD45- cells (Nikmanesh et al., 2012) and our present data shows that cyclic strain decreases 
the expression of endothelial markers. It is apparent that in the physiological state of 
embryonic development, endothelial progenitor cells xperience the influence of shear and 
strain together while growing and eventually becoming mature endothelial cells. It has been 
shown that shear stress enhances the EC markers and promotes embryonic stem cells 
differentiation toward ECs (Yamamoto K, 2005). In addition, it has been shown that cyclic 
strain upregulates SMC markers in FLK-1+ embryonic stem cells (Shimizu et al., 2008). 
Furthermore, co culturing SMC with EC enhances EC makers, at mature and embryonic 
stages respectively (Seongwoo B., 2016, Williams and Wick, 2005).Also, it has been shown 
that physiological levels of cyclic strain are capable of inhibiting endothelial cell apoptosis 
(Kou et al., 2009, Liu et al., 2003).There is always an integration of inducing and inhibiting 
forces and factors which precisely regulate growth of developing embryonic cells and tissues 
at different stages of embryogenesis. Thus it is posible that the inhibitory effect of cyclic 
strain on endothelial progenitor cells, as we have observed, and the shear stress induced 
effect are necessary to control growth and development of endothelial progenitor cells into 
mature and functional endothelial cells. Our data indicate that the expression of nine genes of 
interest are shear stress and cyclic strain responsive. With the exception of ET1 gene, the 
expression of these genes is dependent on the components of glycocalyx. These observations 
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reveal that components of glycocalyx are involved in transducing the imposed mechanical 
forces from the cell surface into the cells where th y trigger different gene responses. 
Integrating these findings we can conclude that the presence of glycocalx layer is crucial in 
growth and development of endothelial progenitor cells into mature and functional 
endothelial cells, in vasculogenesis, and eventually in growth and maturation of the 
developing embryo.  
 In the future it will be of great interest to further study what other components of the 
glycocalyx play a role as mechanosensors on ESC-derived EC. In addition, it will be 
interesting to investigate the shear and strain–induce  mechanisms for genes which are 
independent of HSPG, integrin, and syndecan-4 as mechanosensors and search for more 
hallmarks of EC mechanotransduction. Finally, it would be of great significance to 
investigate the role of theses mechanosensors under the more physiologic mechanical 
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